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elemental analysis and then their spatial resolution is not high. For
some of our wQrk we have been fortunate in having access to a sca ning
Auger electron spectrophotometer (AES); its bestspatal resoluti n of
about 50 Im is rather high. However, most of our analyses were arried 1
out with spatial resolutions better than 20 pm and they made use of (I) a
phase-locked interference microscope (PLIM), (ii) an electronic Faraday-
modulated ellipsometer (EFME), (iii) speckle-contrast (SC), and (iv) friction'
and lubricant thickness measurements with a ball-on-plate sldid g contact.
All this apparatus was of our ultimate design and it was assem led and
completed in the search for significant surface changes in a aring operated
on its way to failure except--for SC, which was studied for a plicability
to metal-gas reactions. The design and construction of the PIM and EFME are
major accomplishments to this project.

A realistic system was selected for these wear studies; an operating bearing
contact consisting of a loaded M-50 bearing steel ball-on-plate mock-bearing and , &
lubricants simulating MIL 23699 and its additives, i.e. a most common heavily
loaded bearing system. The mock-bearing had dimensions such that the width of th
wear track was anab.e to our surface analyses.

Significant changes were found (i) in the changes of the surface profile
within the wear track over the course of bearing operation for different
lubricants, (ii) in the rate of oxidation of the steel bearing surface
within and without the wear track, (iii) in the rate of the change of optical
profile within and without the wear track after a brief exposure to dilute
hydrochloric acid, and (iv) in the friction for different lubricants.
Common surface additives in lubricants, such as tricresylphosphate (antiwear)
and benzotriazole (anticorrosion), produced larger profile changes then
other common lube additives.. Invariably these changes could be associated
with the more rapid formation of surface oxides within than without the wear
track. / 

"... .
The hydrochloric acid probe reaction changing the surface profile -..& -.A .

could become a convenient and useful test for bearing surface reliability.

The PLIM and EFME instruments developed for this work will prove to be
useful in many different applications, not only in the analysis of metal
and metal oxide surfaces. The applicability of SC to reaction studies
will, however, remain limited to gross changes. For these it can be used
from large distances.

As part of this project, but in a separate investigation, jet fuel deposits
formed on surfaces of a Jet Fuel Oxidation Tester (JFTOT) were analyzed
by infrared emission Fourier microspectrophotometry, a technique we developed
under a previous AFOSR grant. 
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ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS

Identification and understanding of the surface phenomena involved in lubrica-
tion and wear are necessary if failures are to be avoided or at least mitigated.
Failure of lubrication and high wear rates can be very costly to both civilian
and military machinery.

* While many new methods of surface analysis have been developed in recent years,
their requirements of ultrahigh vacuum and of electron bombardment make these methods
destructive. Furthermore they mostly furnish only elemental analysis and then
their spatial resolution is not high. For some of our work we have been fortunate

* in having access to a scanning Auger electron spectrophotometer (AES); its best
spatial resolution of about 50 Wm is rather high. However, most of our analyses
were carried out with spatial resolutions better than 20 wn and they made use of
(I) a phase-locked interference microscope (PLIM), (ii) an electronic Faraday-
modulated ellipsometer (EFME), (iii) speckle-contrast (SC), and (iv) friction and
lubricant thickness measurements with a ball-on-plate sliding contact. All this
apparatus was of our ultimate design and it was assembled and completed in the
search for significant surface changes in a bearing operated on its way to failure
except--for SC, which was studied for applicability to metal-gas reactions. The
design and construction of the PLIM and EFME are major accomplishments to this
project.

A realistic system was selected for these wear studies; an operating bearing
contact consisting of a loaded M-50 bearing steel ball-on-plate mock-bearing and
lubricants simulating MIL 23699 and its additives, i.e. a most common heavily loaded
bearing system. The mock-bearing had dimensions such that the width of the wear
track was amenable to our surface analyses.

Significant changes were found (i) in the changes of the surface profile within
the wear track over the course of bearing operation for different lubricants, (ii)
in the rate of oxidation of the steel bearing surface within and without the wear
track, (III) in the rate of the change of optical profile within and without the
wear track after a brief exposure to dilute hydrochloric acid, and (iv) in the
friction for different lubricants. Common surface additives in lubricants, such
as tricresylphosphate (antiwear) and benzotriazole (anticorrosion), produced larger
profile changes then other common lube additives. Invariably these changes could
be associated with the more rapid formation of surface oxides within than without
the wear track.

The hydrochloric acid probe reaction changing the surface profile could become
a convenient and useful test for bearing surface reliability.

The PLIM and EFME instruments developed for this work will prove to be useful
in many different applications, not only in the analysis of metal and metal oxide
surfaces. The applicability of SC to reaction studies will, however, remain limited
to gross changes. For these it can be used from large distances.

As part of this project, but in a separate investigation, jet fuel deposits
formed on surfaces of a Jet Fuel Oxidation Tester (JFTOT) were analyzed by infrared
emission Fourier microspectrophotometry, a technique we developed under a previous
AFOSR grant.
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1. INTRODUCTION

While many new methods of surface analysis have been developed in recent years,
their requirements of ultrahigh vacuum and of electron bombardment make these methods
destructive. Furthermore they mostly furnish only elemental analysis and then
their spatial resolution is not high. For some of our work we have been fortunate
in having access to a scanning Auger electron spectrophotometer (AES); its best
spatial resolution of about 50 um is rather high. However, most of our analyses
were carried out with spatial resolutions better than 20 I~m and they made use of
(I) a phase-locked interference microscope (PLIM), (ii) an electronic Faraday- .
modulated ellipsometer (EFME), (iii) speckle-contrast (SC), and (iv) friction and
lubricant thickness measurements with a ball-on-plate sliding contact. All this
apparatus was of our own ultimate design and assembled and brought to bear in the
search for significant surface changes of a loaded ball-plate sliding contact oper-
ated on its way to failure except for SC, which was studied for applicability to
metal-gas reactions. lp

A realistic system was selected for these laboratory studies; an operating
contact consisting of a loaded M-50 bearing steel ball-on-plate of the same material
mock-bearing and lubricants simulating MIL 23699 and its additives, i.e. a most
common heavily loaded bearing system. The mock-bearing had dimensions such that

I. the width of the wear track was amenable to our surface analyses. .

Significant changes were found (i) in the changes of the surface profile withinthe wear track over the course of bearing operation for different lubricants, (ii) .I.

in the rate of oxidation of the steel bearing surface within and without the wear
track, (iii) in the rate of change of optical profile within and without the wear
track after a brief exposure to dilute hydrochloric acid, and (iv) in the friction
for different lubricants. Common surface additives in lubricants, such as tricresyl- -
phosphate (antiwear) and benzotriazole (anticorrosion), produced larger profile
changes than other common lube additives. Invariably these changes could be associ- .
ated with the more rapid formation of surface oxides within than without the wear
track.

The hydrochloric acid probe reaction changing the surface profile could become
a convenient and useful test for bearing surface reliability.

The PLIM and EFME instruments developed for this work will prove to be useful
in many different applications, not only in the analysis of metal and metal oxide
surfaces. The applicability of SC to reactions studies will, however, remain limited
to gross changes. For these it can be used from large distances.

As part of this project, but in a separate investigation, jet fuel deposits
formed on surfaces of a Jet Fuel Oxidation Tester (JFTOT) were analyzed by infrared
emission Fourier microspectrophotometry, a technique we developed under a previous
AFOSR grant.

All of the following comments are taken from papers published or in process
of publication with the exception of the speckle work which is communicated here
for the first time.

.s;'.':..-;'-



2

2. MATERIALS

The lubricants were trimethylol propane triheptanoate base stock either alone ""
or with one or all of the following (i) benzotriazole (0.0203% corrosion inhibitor,
BTZ), (t) dioctyldiphenylamine and (iii) phenyl-alpha-naphthylamlne (both 1.036%
and antioxidants, DODPA and PANA), and (iv) trlcresylphosphate (2.55% TCP antiwear
additive). The fully formulated oil is equivalent to MIL-L-23699 (G-MIL-99).

The probe solution was 0.04 M hydrochloric acid in ethanol.

The ball and the plate were hardened (62-63RC) martensitic M-50 steel (0.8%
C, 4.1% Cr, 1.0% V, 4.25% Mo).

The speckle contrast (SC) experiments were also carried out with M-50 steel
plates. The bromine reagent used for the etching was Analytical Reagent grade.

The jet fuel deposits were supplied on their original support, i.e. the tubes . .
from the Jet Fuel Thermal Oxidation Tester (JFTOT), by Mr. Robert Morris, Fuels
Branch, Fuels and Laboratory Division, Aero Propulsion Laboratory, Department of
the Air Force, Air Force Wright Aeronautical Laboratories, Wright Patterson Air
Force Base, OH 45433.

.. :.- :



3

3. APPARATUS AND EXPERIMENTAL CONDITIONS

3.1 Ball/Plate Sliding Contact

In this rig an M-5O bearing ball of 20.6 mm diameter could be rotated by a
horizontal shaft supported by two bearings and driven by an electric motor. The
ball was loaded from the top by an M-50 plate supported by linear bearings on a
horizontal loading platform in such a way that the friction force developed in
the contact could be determined from the strain generated in a leaf spring connecting
the plate with the loading platform. The load could be varied by hanging weights
on the loading platform. The lubricants were injected into the contact from a
reservoir at ambient temperature by a peristaltic pump.

The maximum Hertzian pressure was 0.1 GPa in all the experiments reported
here. The ball speed was 220 revolutions per minute, corresponding to 0.2 m/s
linear speed. The duration of every run was 30 minutes at which time the traction
force had reached a near-steady value.

No attempt was made to control the contact temperature or to measure it.
However, an estimate of the maximum surface temperature rise based on Winer's calcu-
lations [1] indicated that the temperature could have exceeded 2200C, the critical
temperature for TCP/surface reaction according to Faut and Wheeler [2].

3.2 AC Phase-Locked Interference Microscope (PLIM)

This instrument, schematically shown in Fig. 1, is basically a Michelson inter-

ferometer with a laser source and microscope objectives facing two mirrors at almost
equal distances from the beamsplitter. One of these mirrors is the reference mirror
which is vibrated piezoelectrically at 20 KHz. The other "mirror" is the sample
surface, which can be translated horizontally to bring surface features of different
heights into the field of view. Reflected radiations from these mirrors are recom-
bined at the beamsplitter and passed through another microscope objective to bring
enlarged interference fringes onto a photodetector. If the two beamsplitter-to-
mirror distances are equal, the photodetector is "locked" into the peak of a fringe
and the 20 kHz amplitude vanishes. If they are not equal, an error signal is gener- -
ated, resulting In a d.c. potential on the piezoelectric crystal to shift its plane
in such a way as to make the distances equal. A plot of d.c. potential against
the horizontal sample position results in the "optical" profile of a surface.
It is the optical profile rather than the true physical profile because in reality
phases and not distances are compared and phases depend on the optical constants
of the surface layer and its thickness as well as on the optical properties of
the substrate. For this reason the profiles obtained with different laser wave-
lengths are different when different surface layers, e.g. oxides on steel, are
present. From these differencles the nature and thickness of the oxides can be
deduced provided some of the optical constants are independently known, e.g. ellipso-
metrically.

3.3 Faraday-Modulated Electronic Recording Scanning Ellipsometer (ESE)

A schematic diagram of the Faraday-modulated ellipsometer is shown in Fig.
2. This is the ellipsometer originally designed by Monin and Boutry [3], which
was modified first by Sullo and Moore at the University of Rochester [4] and now

..................................... '. ' "
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by us. Radiation from the laser source S is polarized by the polarizer P, whose
azimuth of vibration with respect to the plane of incidence is e. On reflection
from the sample surface M the plane-polarized radiation has become elliptically
polarized. The angle of the semi-major axis of the ellipse and the plane of inci-
dence is y. CF is a Faraday modulator consisting of a solenpidal coil with a Faraday
glass cylinder at its axis. The magnetic field generated by the coil causes the
azimuth of polarized radiation of the light traveling along the axis of the cylinder
to be changed proportionally to the magnitude of the magnetic field and to the
length of the cylinder, the proportionality constant being called the Verdet constant.
This phenomenon is known as the Faraday effect. The coil is driven by a 500 Hz
oscillator, causing the magnetic field to vary with that frequency. By the Faraday
effect the inclination angle of the polarization ellipse with respect to the plane
of incidence is also varied with the same frequency. The radiation from the Faraday
modulator is passed through the polarization analyzer A of azimuth s and is finally
detected by the photocell or photomultiplier PM.

Our instrument uses a 10 cm long, 0.6 cm diameter Faraday glass cylinder (three
times as long as Sullo's) in order to obtain a large amplitude of modulation.
The current in the coil is modulated with a 500 Hz frequency. If the analyzer
angle s is equal to the true azimuth y, the radiation detected at the 500 Hz fre-
quency by a phase-sensitive electronic detector is zero and the electronic system
is "locked". At the same time, the amplitude of the first harmonic (1000 Hz) is
monitored to make sure it is non-zero. If, however, the amplitude detected at
500 Hz is nonzero, an error signal is used to turn the analyzer by an angle appro-
priate to make it zero. This is done by an electro-optic transducer and control
circuitry capable of resolving 0.01 degrees of arc.

Scanning of a sample surface is done by moving the sample M parallel to its
plane while the polarizer is rotated at an essentially constant speed with a DC
motor and the analyzer is being continuously reset at corresponding azimuths.
Plots of polarizer versus analyzer angle look like the curve of Fig. 3. One method
of obtaining the ellipsometric parameters * and a from this curve is graphically -.
as shown in the figure. However, our computerized curve fitting program is much
more accurate, because all the data points on the curve are used, not just a few
selected ones. Furthermore, many such curves can be traced and averaged in a short
time. Once A and , are known, the index of refraction n and the film thickness
can be calculated, but since n is complex, consisting of two variables, more than
two measurements are needed, e.g. at more angles of incidence (not just at 450),
different wavelengths, etc. The computations can become quite extensive, but are
easily performed on a small laboratory computer.

By placing a microscope objective forming a real image of the sample surface
ahead of the detector, sample areas as small as 20 pm in diameter can be resolved
ellipsometrically. Most of the energy reflected of the surface is lost, but suffi-
cient energy remains to make the measurements.

Since the design and operation of our ellipsometer is unique and not jet pub- -
lished, a detailed description of the present apparatus is presented in AppendixI. -. T i -.

3.4 Apparatus for Speckle Measurements

Fig. 4 shows the setup schematically. A helium-neon laser of low power (2
milliwatts) was used as the source. Its wavelength (6328 A) allows measurements .::* "
of only low roughness. The thought was to replace it later by an infrared source

" ".-t <



5
when an appropriate detector will be available. The mirror arrangement allows
variation of the angle of incidence. The entire setup was mounted rigidly on a
steel plate sitting on a home-made optical table.

The samples were M-50 steel heat-treated for use in bearings, polished with
600 grade silicon carbide paper.

A Yashica FRI camera body (no lens) was used with fine-grain Kodak Panatonic-X,
ISO 32, FX 135 film. The size of the illuminated area could be varied with theexit lens of the spatial filter. For this work the average spot diameter was 2 ".:"''"
mm. Observation was in the far field (L v 5m, so that (D2/4x) = 1.58m).

3.5 Apparatus for Jet Fuel Deposit Analysis

The Fourier emission infrared microspectrophotometer used in this work was
developed under a previous AFOSR grant and is well described in the appended publica-
tions [5, J.

- - . .
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4. RESULTS

4.1 Tractions and Surface Roughness. Effect of the Acid Probe

Figure 5 shows. traction curves for the different lubricants after the ball
and plates were soaked in them for three hours at ambient temperature. The operating

• conditions were such that scoring or scuffing would occur very soon for the fully
formulated oil, thereby allowing us to maximize the differences with respect to
scoring or scuffing for the additives. Differences between the bearing surfaces
for the antioxidants and TCP with and without soaking were found. The surface 0

-. roughnesses (standard CLA roughness) were determined from the optical profiles
and plotted in Fig. 6. The antioxidants DODPA and PANA show the least change over
the measured time period within the error limits. DODPA and PANA are also the
only lubricants giving a significant reduction of roughness in the initial phase
of operation when the acid probe was applied (Fig. 7). Since these measurements - '-
were made in separate experiments, the consistency of the traction, roughness,
and acid probe data must be significant. Another interesting observation is the
sharp increase in relative roughness change after acid treatment for both BLZ and
TCP (Fig. 6) in the final stage of the ball plate run, while the roughness change
remained about constant during most of. the run.

the A closer examination of Fig. 6 reveals some interesting correlations. Since

the vertical scale is arbitrary and the curves were displaced by arbitrary amountsto avoid confusion, only trends are significant. The fully formulated oil (G-MIL-99)
and the two amine additives PANA and DODPA gave rise to roughness peaks at about
20 seconds. The fully formulated oil, the base oil and BTZ, the anticorrosion
additive, had roughness peaks at about 80 seconds. Only TCP shows a descending
slope beyond 100 seconds. These differences might be related to the formation

-* of different surface oxides.

*o The two surface additives TCP and BTZ had the highest traction while the antioxi- :
-*- dants had the lowest. All the surfaces were soaked for three hours in the respective .-. -

lubricants, cleaned and dried, and then immediately used in the traction test with
clean base oil (Fig. 5).

"" 4.2 Ellipsometry of Wear Tracks

In Fig. 7, the changes of slope, cos A/tan , were plotted across the wear -:

track for the samples of Fig. 5. It will be noted that TCP, which had the highest
traction in Fig. 5, also shows the greatest variation over the traverse. The sharp
positive and negative peaks correspond to a spot on the wear track (between 100
and 500 pn on the abscissa), which is clearly visible under the microscope. The
half-widths of these peaks is about 20 vm. The slope changes for the other materials
inside the wear track were much smaller. Outside the wear track the slope variations

* were minimal; the bottom curve for DODPA shows the characteristic behavior there.
* .Clearly, the nature of the surface is different inside the wear track. The change

is not caused by a change of reflecting angle, for the reflected laser beam is
very restricted by apertures. When the angles and corresponding azimuths were -.
changed in order to compute the film thickness and the optical constants, the former
came out to be about 60 A at the maximum and the latter correspond roughly to Fe203
by comparison with the data of Leberknight and Lustman [7]. The identification
is tentative and not unique for lack of reference data, which will be obtained
. . .later......:;":"
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The preferential production of a thin oxide layer on wear tracks would seem
to be general, but is strongest for those produced in the presence of TCP.

It should be pointed out that the collection of data such as those of Fig.
7 presents problems different from those encountered when ellipsometry is used
with dielectric substrates [8]. Most ellipsometric work today refers to dielectrics
and semiconductors. The most important difference is reflectivity - high for metals
and low for dielectrics and semiconductors. Furthermore, metals have a complex
index of refraction (two optical constants), dielectrics only a real index of refrac-
tion. -

4.3 Auger Electron Spectrograms

The plates were analyzed after the ball experiments with every lubricant.
Three areas were selected, two within the wear track and one outside of it for _
reference. After the ball experiment, the specimens were washed with lots of alcohol .1
and allowed to dry and not handled or treated prior to their introduction into
the Auger spectrometer. As a control, a polished M-50 plate not used in a ball/plate
experiment was included in the set of Auger analyses.

All the lubricants and the reference gave about the same spectra in the as
received condition. However, after six minutes of ion bombardment, all the spectra - ...
from outside the wear scar as well as from the reference plate were essentially
free of 0 and C while those from inside the wear scar, notably those from TCP and
perhaps also from BTZ had a higher 0 and C content.

In order to show the effect of ion bombardment on elemental composition, the
plots of Fig. 8 were drawn for two position within the wear scar. They present -
the ratios of the 0 and C peaks to one of the Fe peaks as a function of time.
A sharp change of slope after two-to-four minutes probably signifies the removal
of a surface layer.

From these observations, the following deductions would seem to be reasonable:

1. The high C-ratios and O-ratios in the outermost surface layer are probably 1 -
atmospheric contamination. They are present even in the reference. .

2. TCP and GMIL (also containing TCP) have an oxide layer under the atmospheric
contamination layer. BTZ is likely to have one as well. The reference, however, -
does not have such a layer within our error of measurement, but the other mater-
ials might have a weak oxide layer.

3. A carbide layer might also underly the atmospheric contamination layer. ...*..

4.4 Determination of the Rate of Etching of M-50 Steel by Bromine Vapor by the

Use of Speckle Contrast

4.4.1 Background

This reaction was chosen as an example rather than liquid state reactions
which proceed at the metal-lubricant boundary because gas-solid reactions are more
easily controlled. While we realized all the time that interference microscopy
was a more sensitive and reliable tool than laser speckle, the greater simplicity,

U ~. . . . . . . . . . . . . . . . . . . .
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larger viewing area and larger distance of observation are clearly favoring laser
speckle. The primary purpose of the experiment was to establish feasibility.

* While this reaction was not the first to be monitored optically, it was probably
the first to be monitored by speckle contrast. Burland, Bjorkland, and Alvarez
[9] and later Burland and Brauchle [10] used holography to determine photochemical ,0
reaction rates on surfaces. The most frequently used kinetic technique, measurement
of the disappearance of the reactants or the appearance of products by following
changes in their optical absorption, is of low set Itivity because of the difficul-
ties involved in detecting small absorption changes. The change of speckle contrast
is of very high sensitivity even though it is not a zero-background technique as
holography is in the detection of photochemical reactions. (In the holographic
application the photochemical change itself stores the hologram).

Speckle interferometry was tried at first, but it proved to be difficult to
obtain reproducible data. Here, it will be recalled, the speckle pattern before
the chemical change is compared with the pattern after the change in such a way
that visible fringes are observed. The probable reason for our failure was the
non-uniform reaction rate of the surface area viewed, although mechanical movement
could not be excluded. Speckle contrast averages over a fairly large area, is
non-destructive, can be measured in real time (although we used slow photographic
recording) and from a considerable distance and can be made very sensitive to changes
of surface roughness when the surface is very smooth. Under these conditions the
optical reflectivity would be close to unity and insensitive to small changes.
The speckle method therefore complements reflectivity. It also happens that the
chemical reactivity of a highly polished bearing surface is much more informative
than that of a well-worn one.

4.4.2 Theory

The article by Welford [11) is an excellent review of the relation between
laser speckle and surface roughness. It deals with speckle produced in transmission
while our work dealt exclusively with reflected speckle. However, the basic ideas
are very much the same. ,...

For example, when a surface is illuminated by coherent light from a laser
beam, a large number of points on the surface will scatter the radiation and sets
of interference fringes will be formed by pairs of scattering points, because the
scattered radiation originated from the same laser beam and is coherent. Therefore
the speckle pattern is a coherent sum (or a sum of complex amplitudes) of sets 0
of two-beam interference fringes of different spacings, directions, amplitudes,
etc.

This qualitative explanation suggests how the random pattern occurs but it
does not explain why the contrast is so great. Many complicated theoretical expres-
sions have been derived for this purpose, but Goodman's [12] is probably the easiest _.9
to grasp, for he likens the chaotic jumble of "speckles" to a random-walk phenomenon.
He points out that the complex amplitude of the radiation field at (x,y,z) in the
plane in which the speckles are observed may be regarded as resulting from the
sum of contributions from many scattering areas on the rough surface. Assuming
now that the amplitude and phases of the elementary scattering areas are statist-
ically independent of each other and are equally likely to lie anywhere in the
primary interval (-7, w), i.e. the surface is rough compared with a wavelength,
and that the number of the elementary contributions is large, the probability density
function of 1, the irradiance in the speckle observation plane is of the form

a.. ....... ..... .. ........



eI > 0

p(I)= 0 otherwise,

where I is the mean or expected irradiance. The probability that the irradiance
exceeds a certain threshold It is then

It

p (I > It) -e 1, It> 0

A fundamentally important characteristic of the negative exponential distribution
is that its standard deviation precisely equals its mean. Thus, the contrast of
a polarized speckle pattern, as defined by

"- .-.--.- :-,-

is always unity. Once the surface has a roughness sufficient to produce phase
* excursions compariable to 2wf rad, negative exponential statistics result, and further

*increases of roughness produce no perceptible changes of irradiance statistics.
Therefore, all surfaces that are rough on the scale of a wavelength produce the
same form of irradiance statistics, regardless of just how much rougher than this
limit they may be.

Accordingly it would seem that surface roughnesses estimates on the basis a
of speckle contrast are limited to surface roughness of the order of a wavelength
or less. For this reason our original proposal called for infrared speckle, for
the infrared extends over a large wavelength range, say 1-25 pim, even without the
use of a vacuum. Furthermore, it would seem possible to decrease the observed
surface roughness by variation of the observation angle.

* Having realized that speckle contrast can be a measure of surface roughness
only for effective roughnesses of the order of a laser wavelength or less, a model
for the speckle/roughness relation at smaller roughness should be developed. The
thin phase screen model of Welford [11] serves this purpose. The following assump-
tions are made: 7

(a) The metal surface is assumed to be a perfect reflector without phase change
at all angles of incidence.

* (b The surface slopes are assumed to be small enough to permit ignoring problems
of shadowing.

*(c) The general shape is smooth compared to the wavelength of the light, i.e.
* no sharp peaks or angles.

(d) There are no polarization effects.

The thin phase screen model is a plane surface of 100% reflectivity with appro-
priately varying phase change on reflection at different points. In effect, the
thin phase screen model is analogous to a reflection grating "randomly ruled."

. . ..
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with it is * (x,y) - z(x,y)'2 cos, where i is the angle of incidence and

reflection (measured from the surface normal). This equation shows that oblique

reflecttion (0 < # < reduces the phase and permits larger roughness to be measured

(as shown below).

To obtain a heuristic relation between speckle contrast and phase, Asakura
[5) proceeded as follows:

The speckle intensity distribution in the observation plane is

I(') = IfK(r,r 2 K(71, 0i (.) d' 12

where F (equivalent to x,y) refers to the object plane (surface) and ' to the
speckle observation plane by the usual intensity % (amplitude)2 relation. K(r,r')
is the point spread function which indicates a spreading amplitude distribution
at the observation plane due to a point at Jht object plane. The point amplitude
distributions within an extended area of K(r,r') contribute to forming the speckle
intensity at an arbitrary point 7' of the observation plane. The thin phase screen
model equates

0(7) = e

so )e~i -'" -

so that 1(P') = K( , (') d l'
Thus the intensity at a point r' in the observation plane is given by superposition
of phase variations over light waves within an extended area of K(r,r ). As the
phase variations over that area increase, the intensity variation at the observation
plane increases, thus yielding an increase of the contrast in the speckle pattern.
To quantitatively specify the speckle intensity variations, the average contrast
V, defined by a normalized standard deviation of speckle intensity variations at
the observation plane, is introduced

<AOI2>1 = <I2( ')> - cI(l')>2]/<I(')>
V= <I> -.--(r)>-.r

where the brackets indicate ensemble average.

By determining V for samples of known roughness (rms roughness by a stylus
profilometer), the roughness of an unknown surface can be found, provided it is
in the accessible range (smooth to a wavelength of the laser reflected from it).

4.4.3 Apparatus for the Etching Experiment

One reason bromine etching was used in the preliminary experiments was the
relative ease with which It could be applied. The apparatus of Figure 9 served
very well. The water bath temperature was kept constant at 1000C and the amount
of bromine contacting the sample was controlled by the time the valve was kept
open. After every exposure the sample steel specimen was returned to the same
position for the speckle experiment. Some tests were made for the reproducibility
of the speckle pattern after loading in the etching apparatus and repositioning
the speckle apparatus and no changes could be detected.

In Figure 10 three speckle patterns as obtained on photographic film are shown.
They correspond to total etching times of zero, 15, and 75 seconds. The increase

**. *.. ... S * S *..~ *~ .5.'.°... . . . .
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in contrast with exposure time is very apparent. Careful comparison of these photo-
graphs will also show that exactly the same region was illuminated and "speckled"
and that the central region (somewhat below center in these prints) has spread
out and become lighter.

4.4.4 Speckle Intensities

The speckle intensities were obtained with a microphotometer scanning the
developed photographic film. Some of the densitometer tracings are shown in Figures
11 and 12. The differences are very pronounced. For calibration the speckle patterns
of steel specimens of known roughness were obtained and evaluated as shown in Figure
13. A curved CLA had to be used in the evaluation of the traces. Some of the
original profilometer traces (TALYSURF) are shown in Figure 14.*

It should be pointed out that in addition to having the available roughness
range limited by the physics of speckle we had the further limitation of the latitude
of the photographic film. To overcome this problem the exposure times had to be
changed and the data were evaluated with the help of the H&D curve supplied for
this film. In most cases repeat exposures had to be run and photometered.

4.4.5 Results of the Speckle Experiments

The data of Table I and Figures 15 and 16 show the results. The contrast
increases very rapidly at first, comes to a plateau and then reaches the level
of maximum contrast (Figure 8). There is, however, a further gradual decrease
of contrast noticeable over a much longer time period. The normalized central
peak intensity in the speckle observation plane, which, according to Welford (11]
is given by

R = e g2

where g2 is the variance of the phase of the wavefront from the scatterer, i.e.

g2 <02> < 0,>2

is plotted in Figure 16. It shows a rapid decrease at first, followed by a break
and a much slower decrease. The break occurs at about the same exposure time as
the maximum contrast (50 seconds).

At the end of the etching experiment the steel specimen was seen to be irregu- -

larly coated with a thin, reddish-brown layer. The layer could be rubbed off very
easily with tissue paper. The specimen was then found to be just as smooth with

respect to speckle contrast as it was before the etching. Unfortunately no weights
__ were determined so that the mass per unit area of the layer remains unknown.

4.5 Analysis of Jet Fuel Deposits

Since a detailed report was written on this work £17], only a few words are
necessary here. Fourier infrared emission microspectrophotometry was used. The
deposit spectra reflect the jet fuel composition, especially when nitrogen and
sulfur compounds are present.

..... ... . . • . .. - '' °- - °. .1 -~.:' °. O"
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The "peacock" rings which have been frequently observed on JFTOT depos.its
were found to correspond to infrared emission maxima and infrared spectra exhibiting
inverted bands and must therefore consist of real matter and not merely of optical.
interference. The deposition of material in these rings probably has its origin
in reduced fluid flow which is caused by instabilities in the laminar boundary ,
layer. Similar rings were observed previously, but without thermal gradients which
fix" deposits on the tube walls by the thermal cracking of the fuel. The particles
in these rings are likely to be uniform and can appear to be brightly colored just
as the gold particles in thin gold films. It is therefore suggested that deposit
formation on JFTOT and also aircraft fuel tubes can be reduced by deliberately
producing turbulent flow, for example by the interposition of screens. 9

.:-.:-.- ,,
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5. DISCUSSION AND CONCLUSIONS 13

5.1 Wear of Bearing Surfaces

In our previous publications [13],[14] the difference in the effect of dilute
hydrochloric acid (our acid probe) on causing contour changes within and outside
a wear track was described, this difference being especially great when scuffing
conditions were approached. It was also found that the presence of the antiwear
additive TCP in the lubricant would enhance this difference. Then the question -*

was raised why scuffing could occur so suddenly, apparently without warning, even ...-
though operating conditions could have been far from those postulated by the Blok
temperature criterion. An objective was to try to explain the behavior of the *

acid probe in the hope that an answer there would also help toward arriving at
an answer to the latter question.

Differences in the optical profile at different wavelengths, ellipsometry,
and Auger electron spectroscopy have now been shown to discriminate between the
surface within the wear track on M-50 steel and outside of it. The evidence points
to a higher concentration of an oxide, most likely iron oxide, within the wear
track than outside. Interestingly enough, it would seem that TCP promotes the
formation of such an oxide. Such an oxide would react much faster chemically with
acid than the alloy steel itself. Thus, the oxide would explain the behavior of
the hydrochloric acid probe. The oxide is more likely to be formed in the wear
track than outside of it because of the higher surface temperature in the wear
track. It would also reduce friction at higher temperatures, though not at low
ones and explain both our data of Fig. 5 and the results of Faut and Wheeler [2].
Although such an iron oxide layer on the surface could conceivably promote the
formation of friction polymer--whose formation was reported to be enhanced by TCP
also--it is more likely that the same oxidizing conditions that lead to the formation
of the oxide also lead to the formation of friction polymer. Since friction polymer
is, in turn, related to acid sludge and the acid is likely to react quickly with
the basic iron oxide, provided the temperature is high enough, a case could be
made for a mechanism of scuffing, viz. removal of the oxide layer by reaction with
acids in the lubricant exposing the nascent metal and allowing metal-to-metal welds.
Work now in progress in our laboratory will test this idea.

A new metallurgical phase for M-50 steel was also found and reported in our
publication [14]. Its etching characteristics seemed to identify it as a carbide.
The higher carbon contents found in the wear track below the surface, expecially
for TCP, are consistent with this identification.

The sharp initial decrease in the ball experiment of acid probe reactivity ----'-
of the two amine antioxidants can be explained by the initial formation of an amine

surface film and subsequent exposure of the original alloy steel surface, i.e.,
the lack of a surface oxide. Since the metal reacts more slowly than the oxide--
which was prevented from forming--the probe reaction slows down. Once the amine
antioxidant is exhausted, the reaction speeds up again, however, thus explain-
ing the increased activity later. The amine surface film could also be instrumental
in reducing traction.

The behavior of BTZ, the anticorrosion additive, has been found to be similar .'"

to TCP in some ways. Its low oil solubility requires its small concentration.
By the same token, it is more likely to come out of solution and coat the bearing
surfaces with an anodic [15] layer. However, as Parkins [15] admits, the behavior
of these materials is still not well understood, even by electrochemists, though

k...•
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they have been used for a long time.

Recently we found that the formation of surface oxide on M-50 steel following
scoring is influenced by surface roughness especially in the presence of TCP. For
this reason the hardness and surface texture of the steel used in our experiments
required exact control. Our results confirm observations by Yamamoto et al. [16],
who used a paraffin oil with no additives and show a much greater effect when additives
are present.

Thus, it would seem that leads have been generated to help in the design of *.

lubricating materials to reduce traction and scuffing failure. Their chemical
interaction with the bearing surfaces, i.e., the formation of oxide and perhaps
other layers is an important key.

5.2 Discussion of the Speckle Experiment

Since this series of experiments was carried out primarily to demonstrate .
the feasibility of speckle contrast for chemical reaction rate measurements, some
ancillary data necessary for interpretation of the results were not obtained.
For example weight and thickness data and chemical analyses of the deposit layer
would have been very helpful. However, even so the data show that surface reaction
occurs over small patches (speckle contrast rapidly increases), which then grow ....
slowly (contrast slightly decreases). Central speckle intensity data are consistent job
with the contrast data; the intensity drops rapidly at first and then continuously
at a slow rate. It would seem that the reaction takes place at active centers
on the surface; once they are saturated no new centers are formed and the reaction
stops except for some slight diffusion-controlled increase. Since the surface
cover is discontinuous and the areas of contract between the reaction product and
the original metal surface are small and scattered, it is not surprising that the -
product rubs off easily and that no change of the surface roughness was then observed.

I think this result is interesting from the point of view of friction and
lubrication as well. Our microscope profile data (and so have profilometer data
by others) have shown little correlation of surface roughness with approach to
scuffing failure, yet chemical reactivities of the surface have been found to change
(see next section). The active reaction centers are not asperities--at least not .-
of significant size--but different chemical structures of the metal surface itself,
such as metal atoms bound or not bound to carbon atoms, in cubic or hexagonal struc-
tures or on different crystal planes, etc. This idea is not new; different reactiv-
ites on different crystal faces have been measured, but I am not aware of such
measurements in a polycrystalline and multiphase environment such as that of M-50.

Perhaps the so called "lack of recovery" problem is also related. When two
bodies in contact under pressure are made to slide over each other by a tangential
force (frictional force), the minute displacements occurring prior to overall motion
are not fully reversible when the tangential force is removed. The prevailing
theories (Mindlin, Cattaneo, Beilby) assume plastic deformation near the contact .
or a microcrystalline layer. A material of different chemical structure, similar
to the bromides or oxides of our experiment, formed only at dispersed centers, - .

could well account for it as well and provide a mechanism for such "non-recovery"
in the presence of a lubricant.
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5.3 Discussion of Jet Fuel Deposit Analysis

Evidence points to changes in deposition mechanism (more and different oxidation)
with deposition time. A detailed discussion is presented in Reference [17).
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6. STATUS

Thus the achievements of the project can be summarized as follows:

(1) An scanning electronic interference microscope and a scanning electronic
ellipsometer have been built allowing surface profiling to t20 A in depth and about
±1 in in width. These tools make possible the determination of dielectric or semi-
conducting surface layers, i.e. not merely elemental composition, given suitable
standards, as well as layer depth and patch location. 0

(i) Surfaces of an alloy steel were shown to oxidize when scored and more
so in the presence of lubricating oil additives that strongly adsorb to the surfaces.
Such oxides may have higher chemical reactivity especially toward acids than the
alloy steel and promote the failure of bearings.

(iii) The formation of fuel deposits on simulated jet aircraft surfaces occurs
in stages (at least two), the later ones being more influenced by oxygen-containing
free radicals than the earlier ones.

z.-.........'...
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TABLE I

RESULTS OF THE BROMINE ETCHING EXPERIMENTS
Sample: M-50 Steel

Etching Period Cumulative CLA Roughness Normalized Central
Etching Time (Area Above CLA Peak Intensity

divided by distance
scanned)

0 0 14.6 1
5 s 5.s 31.5 11.0O x 10- 6

10 s 15.s 29.3 8.4
20 s 35.s 30.6 9.8
40 s 75.s 49.3 2.5
1 m 2.25 m 45.8 2.9
1 m 3.25 m 49.4 2.9
2 m 6.25 m 48.8 1.6
3 m 9.25 m -- 1.0 .

5 m 14.25 m -- 0.35.
7lm 21.25 m 44.6 0.14 -
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APPENDIX I

General Description of Scanning Ellipsometer

We believe that our modifications have produced an instrument much superior 0
to those of our predecessors and for this reason and because of a delay in its
publication, the following description is rather detailed.

The light from a He/Ne laser (x = 6328 A) is linearly polarized by a polar-
izer--the polarizer angle can be changed by a motor-driven rotation stage attached
to an encoder allowing position readout to ± 0.01 degree--and passes through a
modulator. The modulator consists of a coil passing 500 Hz of alternating current.
At the axis of the coil is a Faraday glass cylinder which rotates the plane of
polarization of axially transmitted light by an angle e, which is proportional
to the cylinder length and the magnetic field, the proportionality constant being
known as the Verdet constant. Then the light is reflected by the sample under
investigation and is passed by a second polarizer, the analyzer, and by several
lenses, which increase the optical resolution and is finally brought onto the detector
surface (a diode detector or photomultiplier with built-in preamplifier.

The location of the modulator is somewhat arbitrary; it can be between the.:::-
polarizer and the sample as shown in Fig. 2 or between the sample and the analyzer.
The following description assumes the latter location for ease of understanding.

The linearly polarized light incident on the sample will, in general, become
elliptically polarized on reflection. When the analyzer angle is set parallel
to the major (minor) axis of the polarization ellipse there will be maximum (minimum)
intensity on the detector. For other angles there will be an intermediate intensity.
The figure below shows the intensity of the detector signal as a function of the

detector signal as a function of analyzer
angle schematically for a given polarizer
angle. A1 , A3 - Al + ir, A5 = A1 + 2ir
are angles paralle to the major axis
of the ellipse and A2 , A4 = A2 + IT,
etc. are angles parallel to the minor
axis of the ellipse. An alternating

0 current through the modulator will rotate
the ellipse back and forth with the_ I ~modulation frequency by an angle given --.

by emax = V't'Hmax, where V is the Verdet
constant and i the length of the Faraday
glass cylinder. Rotation of the ellipse
by an angle e has the same effect as

f rotating the analyzer by an angle -e.
The effect of rotating the analyzer

A,3 A3  A4 A' As  A can readily be seen from the figure.
A, (r,, a~l, If we have A = A3 for e=O, a modulation

with a frequency w produces an intensity
varying with a frequency 2w. This is true for all minima and maxima. If, however,
we have A = A' for e - 0, the detector signal intensity will vary with the same
frequency as the modulating current. Thus the major and minor axis of the ellipse
can be found by determining the analyzer angle A for which the 500 Hz component
of the detector signal is zero.

.. ...;
, .. . -. . - - _.. .. .. -.. ..-. ... ... ... ... .. . . .. .... ... ... .. . ... ... . .. .., . .. .. .... .. . ::: -:::S.
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The detector signal is amplified by a preamplifier, an ac-coupled amplifier
and then by an amplifier with automatic gain control; 500 Hz frequency is filtered
out from the signal emerging from the last-named amplifier and the remaining signal
with the "sample and hold" and the "sample and hold control" produces an error
signal of sign such as to bring the analyzer back to the position for which the
intensity is a minimum or a maximum. It will be noted that the 500 Hz frequency
components are phase-shifted by r to the left and the right of the extremum.

The position of the polarizer and the analyzer are decoded and interfaced
to a computer. The complete revolution of the polarizer gives us the analyzer
angle A (for which the 500 Hz component is zero) as a function of the polarizer
angle for 0 < P < 3600.

The function A(P) also depends the ellipsometer parameters , and A.

Method of Calculation of Parameters .

It was said above the the modulator could be located either downstream or
upstream of the sample. The mathematical expressions are

2A coo -:"n

for the former case and

where P is the polarizer angle (angle of the plane of polarization of the polarizer
with respect to the plane of incidence) and A is the analyzer angle. Not surpris-
ingly A and P change roles depending on the modulator location. These is an advantage
of one location over the other in terms of sensitivity.

By continuously rotating the polarizer we also get corresponding analyzer
m m

angles, P. and A1 . The decoders and counters give us very accurate changes of

these angles. The main inaccuracy (tenths of degree) enters by assigning a definite
absolute value to the first analyzer and polarizer angle. Because this error is
constant, we assume that the true values for the polarizer and analyzer angle are
given by

P =P + AP

m
A = A + AA.

There true values should fulfill the theoretically derived relation between A and
P, so that 2 ~+ 6A) )  ::":::...

46E, 4 L ..--- ,

. . -.,.: : .. -; :- .
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or z A)=~~~~~~ --- ' 4P) .

The unknown aA, AP, tan , cos A are now determined by a least square fit. That
means j:::::.4:":4D

should be a minimum with respect to AP, AA, tan o, cos A. With -2cosa and
B tan* .

4-4A

should be a minimum with respect to , , P, AA. With the definitions for

(3 4~L Pjf) 2

we get four non-linear equations

(2)

(3)

W -.r"- -a )



If equation (2) is satisfied, the first part of equation (3) is automatically
zero. We can also get rid of constant multipliers and finally get

277

This system of non-linear equations is solved by Newton's method for non-linear
systems. We can write it as

F (x) 0

AA'
where x = Iwhere F. are the four functions on the left side of the system

a/ _

of equateo s. F (x) 0 will be true for the correct values of AA, a, B, AP.

If we start with some value x in the neighborhood of the correct solution

the iteration

converges to the true solution.

e is x after the k-th iteration

J(xI~) Jacobian matrix

evaluated at x x tk ti.

S S

w -..-..-I ~ i



F (x(k'l) is the left side of the system of equations for x = xk-l , in general.... 0. - -: ..

The Jacobian matrix is found by differentiating E once more
Lal

__ - o' - LA~eetc.

If an analytic expression for the Jacobian matrix can be found, J and F can
be calculated. To find -

jF = we have to solve the linear system

After we know y we can calculate

(lk) -x(k-1 )-

nand repeat the above until F (xk) is close enough to 0.

This calculation provides us with

AA, a = 2cosA, a = tanp, AP.

.. We therefore know -A (or A, 360-A) and '.-

" Note: tantp > 0 [tan 4 >0].

0 < tan, <---

o < P< :9--0.

also A Apl - A_.is not restricted (except 0 < A < 2n). Because our experiment

involves only cos A, we cannot determine A unambiguously. One measurement will
supply two A's.

To determine A unambiguously would have
/S to involve a measurement of sin A. We

would have to determine whether the
light is partly left or right-rotated -.
in its polarization. Calculation shows "- .* =

that the fourth component of the Stokes
vector after the modulator contains
sin A.

*. . . . . ... .. **..-,.. . . . . . .. ,%* . . . . . .

..-.. .. * **-.* *.-* * ....*.* *..*. *J.. *.. ...-...-...-..-.. .



The figure below shows how the analyzer angle A depends on P, A, and ,.It will
be noted that for increasing polarizer angle the analyzer angle decreases.

The analyzer angle A is 450 for

I Y-7c Increasing *, leads to a larger A for

10 the same P.

~ ~ y'10 Increasing A leads to smaller A for
P < , and to larger A for P > v'.

A This follows from

___ ap

Note that P is periodic with period of 1800
A is period~with period of 900

A(P=O) =0 -n90* where n =0,±l,±2,..

A(P=90 0) =0 + n900

A(180-P) =-1 tan-1 ( 2cosAta 18-tn )2 tan o-tan?(180-P)

1- an (2cosA tanP tan = -A(P) ±n-90-2 tan1 anq-ta ,z,
since tan (180-p) =-tan P

Therefore it is sufficient to know the behavior of A(P) for 0 < P < 900.

AU
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Microscopic Contour Changes of Tribological Surfaces by
Chemical and Mechanical Action

JAMES L. LAUER and SIMON S. FUNG
Rensselaer Polytechnic Institute

Troy, New.York 12181

An electronic optical laser interferometer capable of resolving sidered an essential part of scuffing. these measures usually
depth differences of as low as 30 A and planar displacements of entail the formation of interposed layers. For example, the
6000 A was constructed for the examination of surface profiles of use of extreme pressure (EP) lubricant additives is thought
bearing surfaces without physical contact. This instrument was used to result in the formation of renewable coatings of metal D
to determine topological chemical reactivity by applying a drop of sulfides, chlorides, or phosphates preventing the welding.
dilute alcoholic hydrochloric acid and measuring the profile of the A durable coating of the surfaces with thin, hard, inert

solid surface before and 4fter application of this probe. It wasfound layers could also avert scuffing for the same reason and
could work even without a lubricant-an added advantage "that scuffed bearing surfaces reacted much faster than virgin ones under severe conditions, when the lubricant is subject to

but that bearing surfaces exposed to lubricants containing an or- thermal breakdown.
ganic chloride reacted much more slowly. In a separate series of Although the mechanism of scuffing is not yet fully
experiments, a number of stainless steel plates were heated in a understood, a temperature criterion is commonly post, .
nitrogen atmosphere to different temperatures and their reactivity lated. The best known is the "total temperature" of Block
examined later at ambient temperature. The change of surface (1). which consists of the bulk temperature of the metal
contour as a result of the probe reaction was found to follow an parts and the instantaneous surface temperature rise of the
Arrheniaus-type relation with respect to heat treatment temperature. surface area of contact. Others correlated scuffing failure .
This result could have implications on the scuffing mechanism. primarily with chemical activity which, of course, is itself

strongly influenced by temperature [Goldman (2)]. Implic-
INTRODUCTION itly, the assumption has been made that chemical reaction

would take place primarily above the characteristic ("total")
When nonconforming solid surfaces separated by a lu- temperature between metal and lubricant components. Could

bricant are in relative motion under increasing loads, the it be that portions of metal surfaces exposed to temperatures t .
bulk temperature gradually increases and the lubricant film above the characteristic temperature are inherently more
thickness decreases. At some point, the surfaces will begin reactive at any temperature?
to interact mechanically. At first, the peaks of the highest The availability of an optical interferometer capable of
asperities will be reduced and the surfaces will become resolving depth differences as low as 30 A and planar dis-
smoother. This interaction is an essential part of normal placements of 6000 A provided us with a tool for attempting
run-in." At higher loads, scoring occurs, manifested by an answer to this question. Since vacuum is not required.

grooves and ridges in the surface oriented in the sliding we could carry out probe microreactions on neat and scuffed
direction. At still higher loads, a sudden failure may occur, areas and compare the resulting changes of surface profile.
which is called "scuffing." The scoring and scuffing events We could examine both titanium-nitride-coated and un-
are often coincident and many authors have been using coated bearing balls before and after use in this way and
these terms interchangeably, compare the results with subsequent scanning electron pho-

Because scuffing is likely to be catastrophic and without tomicrographs. Dilute alcoholic hydrochloric acid served as
warning, measures were designed to postpone it or avoid our probe. Metal surfaces heated to known temperatures
it. Since welding of the contacting surfaces has been con- were examined for reference. The results point to changes

caused by the heat treatment, which produced chemical

Pm9en*d an AmteICan Saiety of Lubrieation Enginee reactivity changes even at ambient temperature and likely
paper at the ASMVASLE Lubrication Conferene. in mechanisms for the absence of scuffing with titanium Ii-

Washiton, D.C., Octobe 5-7, 192 tride-coated balls. 7
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APPARATUS possible to "lock-in" on a peak at the 40 kHz frequency.
The mean potential (halfway between peak and valley) or

AC Interference Microscope d.c. potential will follow the locked-in fringe and become a

The first instrument of this kind was originally designed measure of the phase change as the sample surface is scanned. 0
and built for the examination of optical surfaces and ele- At the present stage of the instrument, scanning is done
ments by Johnson, Leiner, and Moore (3) at the Institute nonlinearly, by varying the angle of the recombined beam
of Optics of the University of Rochester. Professor Moore with respect to the optic axis of the microscope objective
helped us build our instrument which differs from his only facing the sample. For small excursions of the scanning
in minor details relating to our different applications, mirror, the departure of a scan from linearity is small.

Basically, the instrument is a Twyman-Green interferom- The surface profile of Fig. 2, obtained with an inexpensive O
eter with alternating current electronics, which is capable reflection-type diffraction grating, is an example. The dis-
of a phase resolution of one two-hundredth of the wave- tance between the first and second peaks is about 10 percent
length of the red He/Ne laser line (6328 A). Surface profiles greater than that between the second and third peaks. Cor-
can thus be obtained to about ± 30 A without physical rection to linearity is, of course, possible. The intensity of
contact. Figure I is a schematic drawing of the instrument's the peaks of Fig. 2 is seen to fall off toward the right. The
optics. Radiation from an He/Ne laser is split by a beam- reason is the lack of planarity of the objective lens when - .
splitter; part of the radiation continues to a flat mirror os- used off-axis. Beyond a distance of 2.5 Iam from an arbitrary
cill.ted by a piezoceramic transducer and part is deflected chosen position, the scanning optics are evidently out of the .7

to the sample surface by way of a microscope objective. The field of view. The intensity of the peak at 3.0 pm is much
split beams are reflected back to the beamsplitter, recom- less than that of the other peaks. As the grating was blazed,
bined, expanded by a microscope objective, and ultimately the slope to the left of every peak is expected to be shorter
transferred to a photoelectric detector. Two scanning mir- and steeper than that of the slope to the right. The angles . .
mrs can be turned in such a way as to make possible scans are also about correct. The reason for the gentleness of the
parallel to the x and y directions in the sample plane. Phase peaks and valleys, where sharp corners are expected, is the
differences between the two beam paths generate fringes horizontal resolution limit of the objective lens in conjunc
in the detector plane. As the sample surface is scanned, the tion with the interferometer optics. We are confident that
phase difference between the interferometer beams is a good part of these limitations will be removed by digital
changed and the fringes are moved over the detector sur- image analysis.
face proportionally, as determined by the optics. Distance calibration of the instrument is simple. In the

The sensitivity of the instrument derives from an inge- horizontal plane, the distances of successive peaks of a re-
nious electronic arrangement. The reference mirror is os- flection grating provide the required information (Fig. 2).
cillated piezoelectrically at 20 kHz. Correspondingly, the Depth calibration is done very accurately by the phase jump
fringe pattern at the detector surface is oscillated with the in the detector plane. The separation between two succes-
same frequency but the intensityofa fringe peak-or valley- sive interference fringes corresponds to a phase difference
is oscillated at twice the reference mirror frequency, or at of 21r between the sample and reference beams. In air,
40 kHz. Intuitively, this arises from the fact that the peak because of the phase reversal on reflection by the sample
or valley intensity or the corresponding photoelectric poten- surface, this separation of fringes corresponds to a change
tial can change in one direction only-downward for the in depth of sample surface profile of half a wavelength of
peak and upward for the valley-while the radiation inten- the laser light (6328 A) or 3164 A in our case. In terms
sity anywhere else can become stronger or weaker. It is thus of the electric recorder output potential, this geometrical

change corresponds to 10 volts. Any voltage changes are
directly proportional to the phase changes and, therefore,
to the changes of depth and the conversion can be carried

uECTO & PWM9 out in terms of the 316.4 A/volt relation.
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Ball'Plate Sliding Contact Heating was accomplished rapidly (at 220 K/s) with the

The experimental setups used to obtain scuffing or scor- hot gases just above the tip of an acetylene flame directed

ing were the same we described in an earlier publication at the lower side of the plates. At the same time and for a

(4). They were ball/plate sliding EHD contacts in which a considerable time thereafter, nitrogen gas was blown over ,

bearing ball of 2.25-inch diameter was turned by a hori- the top side of the plate to reduce or prevent oxidation
\' ~~~(cooling rate: 100 K/s). Oxidation could never be entirely :_-..._

zontal shaft either on top of a diamond window (the plate), (l r 1 ( Od n d e ne
in the bottom of a cup containing the test fluid, or under- prevented because vacuum was not used to remove ab-

neath a sapphire window (the plate). In either case, the ball sorbed gas. On the other hand, one of the purposes of this
was loaded from the top. The former setup was used pri- work was the simulation of realistic field conditions, in which

marily as part of our infrared analysis of the fluid under oxide films are never absent. ,
EHD conditions; the contact was always flooded. The latter Preparation of the Ball Samples

* setup would be used for EHD film thickness and traction
measurements and would obtain the lubricant by a wetting The balls were taken from the rip after many hours of
and dragging mechanism. Here, too, conditions were such operation on polyphenyl ether with and without 1 percent
that starvation was excluded, of l.l,2-trichloroethane. The steel balls without titanium

These contacts were operated for periods of about 100 nitride would have failed by scuffing.
hours under varying loads and speeds. Scuffingoccurred The balls were cleaned with acetone, soaked in absolutewith uncoated steel balls, alcohol overnight, rinsed, and placed in a vacuum desiccator
only wt notdselbls

to remove the absorbed alcohol. The principal purpose of

MATERIALS applying the vacuum was to avoid the destruction of the
filament in the scanning electron microscope.

The bearing balls were of 2.25-inch diameter and made .. -

of 440 C stainless steel. Some of them were coated with Examinations of Ball Surfaces Run in Polyphenyl Ether ." i
*titanium nitride by chemical vapor deposition (CVD method) with the Interferometrlc Microscope

to a uniform thickness of about 4 atm, as described by Hin- Since the score or scuff marks on the balls were typically
terman and Boving (5). The smoothness of all the ball sur- 100 .m in diameter, we found it useful to work with two.
faces was about 0.01 A~m initially (mean peak height), as different microscope objectives, lOX and 40X, the former
determined with our optical profilometer. Since the lubri- enabling us to overlap the mark and the latter to look inside
cant film thickness in the EHD contact under the heaviest of it. Still higher magnification could have given us better
load and at the smallest continuously maintained shear rate lateral resolution but the short working distance would have
was at least 0.5 g&m as determined earlier (4), direct asper-
ities interaction could only occur when the sliding speed
was gradually reduced to zero.

The balls were run with polyphenyl ether fluid (51?4E)
either pure or containing I percent by volume of 1,1,2- 71
trichloroethane. Both of these fluids were also referred to
in the same earlier publication (4).

Before use in the experiments discussed below, the balls
were cleaned with acetone and mounted in a holder specially
constructed for the interference microscope.

The stainless steel reference plates were of smoothness
similar to that of the balls. They were made of polished
No. 304 stainless steel and were 1 x 1" X Vi" in size.

The probe solution was 0.04 M hydrochloric acid in ab-
solute ethyl alcohol. ..

EXPERIMENTAL PROCEDURES -- er odd

Heating of the Test Plates

The test plates were sandwiched in a holder between half-
inch thick asbestos plates containing a three-quarter-inch-
diameter hole in the center. Two pieces of a material melt-
ing or changing color at known temperatures were clamped , f "e

onto top side of the sample, allowing temperature moni- Us
toring during heating. The two temperature indicators were -Sure prol of a stainam st bearn ball scuffed In . .

L selected in such a way that the maximum heating temper- poeeyl eter, Ir end after a teat probe of 0.04 M alcoholl hy--".

ature was bracketed between them; in other words, heating dielrlo acid was applied. TMe top tree" were taken outalde the
ecuff mark and the bottom traee were taken Inlde the muff mark. (Inwould be stopped when either of them melted or changed o to avold over", the tmes taken Aft the siod treatment were

S.or , . .. Off..., . .. . .. ,., ,. . .... . ... ,to .. '.'.....
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made the application of the test fluid (0.04 M alcoholic before
hydrochloric acid) very difficult.

Figure 3 shows two of an area of such a used steel bearing
ball, which includes parts within and without the scuff mark.

A drop (0.05 ml) of test fluid was applied from a measuring treat
syringe, care being taken not to move the ball-microscope scuff -a-k
alignment in any way. For this work, the ball was rigidly
mounted on a holder, which itself was rigidly attached to
the microscope frame, so that the entire system would vi- """ "

brate as one unit. The drop would evaporate rapidly, and
then another profile was recorded. As can be seen from
Fig. 3, the changes outside the scuff mark were much smaller 1. ....-

than the changes inside the scuff mark and, in either case,afeod
most of the profile was lowered by the test reaction.

In another instance, the difference of reaction inside and
outside the scuff mark was even more drastic. Figure 4
presents a clear indication that changes of profiles can be Insde "of mark

both upwards and downwards. There can be no doubt that .

the changes produced by the test probe within the scuff 1oo.'
mark were much greater. .

Figure 5 represents the effects outside of the scuff mark
of two successive probes on stainless steel bearing ball run lam
to scuffing on polyphyenyl ether. The reactivity was much
greater for the second treatment than for the first. The first Pig. 4.-Surtae profill of another stainless steel bering ball scuffed - -.

treatment might have attacked the oxide layer, the second In polyhenyl ter, before and after a test probe of 0.O4 U alcoholic .. .-
hydrochorlc ield was appi1l d. The top tracs were taken Inside the scuff

the metal itself. mark. (In order to avoid overlap, the traces taken after the acid treatment

were eat off.)
Examinations of Ball Surfaces Run In Polyphenyl Ether
Containing 1 percent of 1,1,2-trichloroethane (TCE)
with the Interfrometric Microscope

Figure 6 shows the profiles obtained with a bearing ball
within and without the scuff mark, then the polyphenyl
ether (5P4E) lubricant contained I percent of 1,1,2-tri-
chloroethane (TCE). As can be seen, the differences of pro-
file produced by the probe treatment were minimal in each
case. although the changes within the track were a little bit
more evident.

Examinations of Tftanlum-nltride-coated Bearing Ball
Run In Polyphenyl Ether with or without 1,1,2-
trichloroethane (TCE) with the Interferometric-
Microscope

In this case, scuffing did not occur. The profiles outside
the barely visible score mark did not change at all on probe
treatment, but, with TCE and within the score, continuous 1 0 b."-.

changes occurred. It turned out to be impossible to get a aetment

reproducible profiles under these conditions. For these rea- V id reatme.t

sons, we assumed that cracks in the coating had occurred. tyro 5 mii. after treatment

The following section shows a confirmation of this hypoth- -- eody st"-
esis by photographs taken under the scanning electron mi-
crscope. fig. S-Series of profiles of the bearing ball of Fig. 4 taken outside of

the scuff mark. Two successive probe treatments were given. (Profiles .

were set off to #void overap.)
Scanning Electron Photomicrographs of Wear Surfaces

Perhaps the most interesting of these photos is Fig. 7,
taken within and without the barelh noticeable score mark The electron photomicrographs of the bare ball after use
ofa TiN-coated ball. The light areas represent TiN coatings. with polyphenyl ether are also interesting. Without TCE.
The ladder-type structure within the score mark is very the wear track shows streaks and some of the characteristic
interesting and will be discussed later. The picture taken scuff marks [Fig. 8(a)J. When TCE was present. however. " ..

off the track shows the porosity of the TiN coating. round specks occur with high concentration in the track of "'"" '

S..'.... % -
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.-eare

r aidd

treatment

I Pig. S-SEM of 440C-0tee ball run on (a) polyphenryl ether to $cuflng.
inside track( with TCE additive) No wea track with characteristic scuff marka, (b) polyphenyletr

containing I percent of 1,1,2-trlchloroethane. Note the found apecka.

Fig. 6-Surtace profiles af a different atainless ateel bearing bell acufT20ed
i polyphenyl ether contalning I percent of 1,1,2-trchloroethane. The top atrai ramn
traces; were taken outside the scuff mark, whereas the bottom tracafesai tetmn
were taken inside the acuff mark (The traces recorded after the acid

IreatmntM were et off to avoid averlap.)

cae roleafter acid tetetfrhae

1.t.2-rlchlbeforen
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with4N O.0M Alchor Hrc hle ()m~tOr n Acds mr.nt or acic fa reainilyss a pi n ted inthi aper. ad b

struclum~Fgur 1he lursan ans Arrhenius-hpe plotIE oft cItu chrentofes

tal" temperature would change the reciiy eapid aue hetn discarie fout an deraged strihtlne Ti
tihes a (Foic. hydochori Oucid poe we uhse soptek "timering" he reave cdnedo the mectdtare otet
scured bseall tohaedtee sstcmens The probebl was, ooee huhte ealrial

crorlsf apledat roomtempBerare. n fgureato prsrie showsur suah DISCUSSIONhrsutighag
prof beforea andtiit afte tramet whinn thesse plat wasapr

ha**tedprto r woula d 74can the frecasety whe cangles The essofrep exiesrints anre sumartined con-

in contour were small: in the latter case, rather large. follows:
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K -exp (AG/Ri)

0 "an Arrhenius relation between a product of reaction (e.g.
am owma surface profile change) and the absolute temperature can

m a be derived by thermodynamic and continuum mechanics
alone. However, the heterogeneity of the metal surface could
be the basis of a kinetic explanation: The tempering changes
the surface composition logarithmically with temperature
because it is diffusion-controlled and the chemical reaction
rate depends on the number of reaction sites thereby cre-
ated. This argument would equally lead to an Arrhenius 0
relation.

Both of these explanations could be valid simultaneously.
1.0 ,4 , ,.. ,0 ,.0 ,., . ,11 but the latter seems to be more important on the basis of

N Wallow Wo chemical and especially electrochemical experience. Their
Fill. -A enl pe of ,,te Il e, *mns o ln sl relative importance will be determined by repeating the
se Inene aeW to difftnt semperature. Reative surfam chane experiments with pure solid surfaces.
after aid treament of &&. (304) spedimens heated to dllftet temp. It was important to note that titanium-coated balls barely

scuffed under our conditions. Yet, when 1,1.2-trichloroe-
I. Scuffed steel bearing surfaces are more reactive to- thane was present in the lubricant, the rather remarkable

ward alcoholic hydrochloride acid than virgin surfaces. ladder-type structure appeared. The crests at right angles
2. Scuffed bearing surfaces originally used on a lubricant to the direction of ball motion could have been formed in

containing a small concentration of an organic chlo- a manner similar to the well-known washboard effect on
ride are much less reactive toward alcoholic hydro- highway surfaces. In both cases, a liquid was able to creep
chloric acid than surfaces that had become scuffed below the surface as our measurements with the interfer-
with the undiluted lubricant. ence microscope indicated and which were confirmed by

3. Titanium-nitride-coated steel bearing surfaces did not the scanning electron microscope. The same theory seems
scuff under conditions where the uncoated surfaces to be applicable in both cases. Work along these lines is in
did. They did show track marks, however. Further- progress.
more the coating proved to be porous in general and The reason for the increased metal surface reactivity as
exhibited a ladder-type structure on the track marks a result of heating to high temperatures could be a change
when run with polyphenyl ether containing 1 percent of metal structure, oL phase change, or a migration of im-
of 1.1.2-trichloroethane. When run without the chlo- purities. Such phenomena are well-known to corrosion en-
ride, the surface on the track marks was not changed gineers (6).
but was just as porous as the virgin surfaces.

4. Uncoated steel bearing surfaces scuffed with poly-
phenyl ether lubricant containing 1.1,2-trichloroe- ACKNOWLEDGMENT
thane showed a high concentration of round specks This work was funded in part by grants from the Air -.-

in the track but only few such specks outside of it. No Force Office of Scientific Research, Grant No. AFOSR-8 l-
specks at all were shown when the chloride was absent. 0005 and from the National Aeronautics and Space Admin-
These specks are presumably metal chloride.

5. The reactivity of heated metal surfaces toward alco- istao Gat No 18- 12 H .
holc hdrohloic cidat mbint empratre ollws We also with to thank (1) H. E. Hinterman and H. J

an Arrh lonius cp reldatonbiwit temperature Pointws Boving of Laboratoire Suisse de Recherches Horlogeres for
would serhemn dius reatn tha a eear urae hnte helping us obtain the TiN-coated Balls, (2) Wolfgang Holz-

hauer for the scanning electron photomicrographs and (3),at any one time to a high temperature. e.g. by direct above all, Duncan T. Moore of the Institute of Optics of
contact, could becom~e much more reactive and there- the University of Rochester for his wonderful help with the
fore prone to scuffing at a later time. interference microscope.

The Arrhenius plot of Fig. 10 would seem to be the result A useful discussion with William R. Jones, Jr. of NASA-
of a lasting change of the metal surface by its reheating or Lewis in Cleveland. Ohio is gratefully acknowledged.
tempering. Perhaps the so-called "chentostress" coefficient
defined by Ciftan and Saibel (7) plays a role. These authors
have shown a change of chemical potential of an adsorbate REFERENCES
with stress in the substrate. The chemical potential expresses u'.L'.'.I." .:
the change of free energy with concentration of a chemical i .l"herdtt.ipoitn Appnwrit lI ( ie tg .N ,,wnd,,,IM l . l r. NA'A.

constituent and the free enerity change AG for a reaction S1r.237. P. M. kit. ednr,. ult 15-17. 119. pp I 3-24M.

is related to the equilibritui colstant K. Therefore. the ratio (2) (.ihliin. 1. It.. (orrnit' WFa . ;a "dilure. Niwl, i, t.,Ihntittcd titllg .a- -
C("taly Ii'e,.. 14, pp .t:11-444 I I.Wi9q).-

of a procluct of prKluc toncentrations to that of reactant ( 7 (;n .ai II.Uv . I). t:..131- 44 ,4 t. I) . I.. "Ptna,-.,e Lcd . -

conlrentrations. by the well-knowun hermexlvnamic relation It*,, . f)/,i,i En. ,. 465, .i9i-2
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(4) Lauer. J. L. Keller. L E.. Choi. F. H.. and King. V. W.. "Alignment of artile.
luid Molecules in an EHD Contact." ASLE Trans.. S. 3. pp 329-336 (6) Uhlig. H. H.. Corsion and Cersion Control. Second Edition. John Wiley

(192). &Sons. Inc.. New York 1971. pp 131f.
(5) Himerinan. H. E. and Boving. H.. "Wear-Resistant Thin Lavers." Dar (7) Ciftan. M. and Saibel. E.. "The Chemooresa Coeflicient,"Solad(SaI CPOs-

T r ha (1978). 7. pp 387-3918. and further references given in this muntatus. 27, pp 435-437 (1978). 6

DISCUSSION REFERENCE

HEIHACHIRO OKABE (Member, ASLE) (B1) March. P. A. and Rabinowicy, L. "Euoelectron Emission for the StudyTokyo Institute of Technology cio Surface Fatigue Wear," ASLE Tanst., 20. pp $15-320 (1977).

Tokyo, Japan 9

The authors have provided a very useful tool, especially
in studying oil film behavior under EHD lubrication. The AUTHORS' CLOSURE
method shown in this paper would give us predictive tech- An objective of our work has been to find a change in
niques in a new framework of surface topography relating bansfe atibfrsfgHvgodto contact initiation in EHD lubrication. bearing surface reactivity before scuffing. Having found a :_-

To isc init s inereste in lb i n, thechlarge change after scuffing makes our success more likely. •
Our reason for starting the way we did was the destructive

tivity change before the scuffing occurs. " .'--'nature of the test; once a bearing surface has been removed
Asperities on rubbing surfaces are actually under periodic from an operating bearing for testing, it cannot be put back " -

heating. The authors suggest that we could obtain infor- again and it has been difficult to prepare exactly equal sur-
mation of topographical and chemical changes of the sur- faces for tests of different lengths. However, this work is
faces in a process leading the rubbing surfaces to the scuff- in progress both with our present reactivity test procedure .

ing. if the authors' method could detect such a change of a i h i r t l o u e"" and with others which are potentially nondestructive. Un-"
the surface before scuffing occurs, it would be very useful fortunately, as our work has shown, no measure of surface
for considering additive formulations bearable for long run- "-"""""'ning operin ationcontour is by itself sufficient to predict chemical reactivity.

flingoperaion.We hope these comments will have answered Professor
Did the authors try to detect the reactivity change of the We qetios.surface beforethe scuffingOkabe's questions. /.- ' . '

surface before the scuffing? The destructive nature of our test may also provide a

partial answer to Professor Rabinowicz's comment. We can-
DISCUSSION not, at this time, control the time between scuffing and our
E. RABINOWICZ (Fellow, ASLE) test procedure, since the bearing must be taken apart for

our test. Our results from both the reported and other data
lead us to believe that the time interval is essentially infiniteCambridge, Massachusetts 02139 with respect to reactivity change. Therefore, the differences

Papers describing a new technique are usually of consid- in reactivity between scuffed and unscuffed parts of the
erable interest, and this one proves to be no exception. It bearing surface can be considered permanent.
is obviously of great value to have available a technique for , -The "growth" of the surfaces during acid treatment (Figs.
studying small surface profile changes, but it is not clear to 3 and 4) does not necessarily mean only the addition of
me whether with the new technique the surface being ex- volume. Since a new surface composition is likely to have
amined can be taken out of the microscope while its profile optical properties different from the previous ones, the phase "
is being changed. on reflection is now different. The surface profiles mea-

I have a number of specific comments. sured with our interference microscope are really phase
a) Was the time interval between the scuffing tests and profiles and not material profiles such as those measured

the acid treatment tests controlled? In studies we have car- by a stylus. A phase change can, therefore, look like "growth" ." -

ried out using exoelectron techniques, the reactivities of even when none occurred. For this reason, we avoided stat-
metal surfaces varied drastically with the time that had elapsed ing an activation energy calculated from our data of Fig. .
since these surfaces were produced. 10. Since the optical constants of the new surface were un-

b) To what do the authors attribute the growth of surfaces known to us at the time, we were not concerned that the
(Figs. 3 and 4) during acid treatment? "apparent" activation energy we had calculated came out

c) Typical Arrhenius-type processes have activation ener- to be chemically nonsensical. We have been careful to refer
gies such that the rate of reaction doubles for every 10C to observed profile changes only without giving them a ma-
increase in temperature. In the Arrhenius plot of Fig. 10, terial meaning. However, we will soon be able to measure _

the rate doubles for every 130"C increase in temperature, the phase changes independently by ellipsometry and ob- - .'.

giving an improbably low activation energy value, tain "proper" activation energies.
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EMISSION FMIR ANALYSES OF THIN MICROSCOPIC PATCHES OF
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Deposits laid down in patches on metal strips in a high pressure/high temperature fuel system
simulator operated with aerated fuel at varying flow races were analyzed by emission FTIR in
terms of functional groups. Significant differences were found in the spectra and amounts of
deposits derived from fuels to which small concentrations of oxygen-, nitrogen-, or sulfur-oontain-
ning heterocyclics or metal naphthenates had been added. The spectra of deposits generated on
strips by heating fuels and air in a closed container were very different from those of the flowing
fluid deposits. One such closed-container dodecane deposit on silver gave a strong surface-en-
hanced Raman spectrum.

1. Introduction

Aircraft fuels containing oxygen often have a tendency to form hard, sticky,
carbonaceous and generally insoluble deposits on contacting surfaces at elevated
temperatures. Small concentrations of nonhydrocarbons, such as nitrogen- and
sulfur-containing materials, often enhance the deposit-forming tendency. In
aircraft gas turbine engines these deposits may clog critical passages in valves
and nozzles and decrease heat transfer efficiency through heat exchanger
surfaces. These problems may increase in newer engines due to the higher
temperatures and longer residence times expected with higher compression
ratios and staged fuel injection. Future fuels are likely to be richer in aromatics
and nonhydrocarbons than present ones and therefore likely to aggravate the
deposit problems even more.

Clearly there is a need for the testing of fuels for their deposit-forming 0
tendencies. In the longer run, however, an understanding of the mechanisms
leading to deposit formation must be developed so that future fuels and
engines can be designed to minimize deposit problems. Most of the testing is
done today with small flow systems allowing for fuel and surface heating and
the injection of controlled amounts of air or oxygen into the flowing test fuel.
These JFTOT systems (Jet Fuel Thermal Oxidation Testers) typically use 0.3 -let-
cm diameter stainless steel or aluminum tubes, about 15 cm long, for deposit

0378-5963/84/$03.00 T Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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collection on their outer surface. These tubes are located in 4he stream of test
fuel and are heated by the passage of electric current. A thermocouple in the
center of their hollow interior records an average temperature, but this method
of heating practically insures a temperature gradient along the tube axis.
Furthermore, the large curvature of the mantle surface on which fuel deposits
are formed, is very inconvenient for most methods of nondestructive chemical
analysis. A superior device for deposit collection was therefore constructed at
NASA-Lewis, where the surfaces are flat and removable strips of metal
(shims) and of relatively large size (about 2 cm2), yet small enough compared
to the overall flow system to ensure uniform surface temperature.

For the study reported here both these shim deposits and deposits formed in
our own laboratory on similar shims in a small corrosion test bomb under
stationary conditions were used. The fuels for this study were selected to be
typical of actual ones. They were used either neat or containing small con-
centrations of simple molecules representative of typical nonhydrocarbon
contaminants. Not unexpectedly the deposits formed under stationary condi-
tions were different from those formed under flow because of the difference in
precursor or intermediate species availability. However, the former deposits
were found to be different also when shims of different metals were simulta- . -

neously used and thus provided a simple - and inexpensive - procedure for
evaluating substrates. Deposit formation from liquid fuels depends very strongly
on the nature of the solid boundary surfaces.

In view of the complexity of the process and the very small quantities of
deposits formed in reasonable test times, say a few hours, it is not surprising
that the standard deposit evaluating procedure today is still visual comparison
of the deposit color with those on a standard color chart. A JFTOT "Tube
Deposit Rater" (TDR) by which the reflected color is compared, has also been
used. Unfortunately the "color number" so found does not provide much
information of a chemical nature and therefore tells us little or nothing about
the nature or mechanism of deposit formation. The procedure used in this
study was Fourier infrared emission microspectrophotometry (FIEMS), which
is extremely sensitive and very powerful for the solution of problems in
molecular and crystalline structure. Preliminary studies of aircraft fuel deposits
by FIEMS were reported previously [11 so that the apparatus and its capabili-
ties need only a brief description. The results of the flow experiments showed _
that both the quantity and the nature of the deposits are altered with change of
fuel composition and to some extent, change of nonhydrocarbon additive
("spike"). A strong influence of the substrate was shown in the bomb experi-
ments.

In one instance, surface-enhanced Raman spectroscopy (SERS) was used to
analyze a bomb deposit formed from dodecane on a silver surface. Because it is
the first application of SERS to a "real" material, the very respectable
spectrum is communicated here also.

.o% • -
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2. Experimental

2.)1. Apparatus and experimental conditions of deposit collection

* Fig. I is a photograph of the Modified JFTOT Flat Sample Rig (MJFSR).
For this work it is important to note that the test specimens (shims) had a
rectangular area of 10 X 20 mm exposed to the flowing fuel. Since the deposit
weights varied between 0.02 and 0.2 mg (fig. 9) and their density was estimated

* as close to unity (between polyoleins and phenolic resins), thicknesses of 1000
* A to I A&m could be estimated. These values are similar to our previously

estimated values of 1000 A, which were arrived at by scanning electron
microscopy (SEM) Ill. Since these weights were obtained by differential
weighings and represent small differences between relatively large numbers,
their accuracy is not high. The higher weights were usually observed when
naphthenates had been added to the fuels. These materials are surfactants and
caused deposits to be formed on both sides of the shims.

The conditions of the M.JFSR runs were: test duration near 120 min and

rip-.
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run temperature near 250*C. These values were deduced by interpolations and
small extrapolations from peripheral measurements and were achieved and
maintained to better than one percent (I%).

Work is now in progress to determine deposit thicknesses by ellipsometry.
For the stationary experiments in our laboratory a standard 500 ml stainless

steel corrosion bomb was used. It was provided with inert (silicone or Viton)
gaskets, filled with 10 ml of hydrocarbon test fluid: several shims were
inserted, and then heated to 250*C for 3 h. Therefore the hydrocarbon was in
large excess over the oxygen and complete combustion was excluded, an
analogy to the situation of the MJFSR where aerated fuels are used. The
conditions of the bomb experiments insured that the metal strips (shims)
suspended within the bomb were at uniform temperature throughout and at
the same temperature as the fuel. Differences in amount and character of the
material deposited on these strips must therefore be attributed exclusively to
differences in the strip material and cannot be attributed to temperature
gradients, for example.

The deposit samples obtained from the MJFSR were all collected on
commercial stainless steel foil and the same foil was also employed in the -

bomb experiments. However, in the latter, strips of aluminum foil and silver
foil were also used as deposit collectors. For the Raman experiment a micro- -, .-

scope slide covered with a thin evaporated silver film ("island film") was
momentarily dipped into the test fluid after the test. The bomb deposit
samples were very much thinner than the MJFSR ones, for they were barely
visible as a change of reflectivity. The roughness of the stainless steel foil was
far greater (at least three times) than that of the aluminum and silver foils, the
roughness of the aluminum foil was about 50% greater than that of the silver
foil. These estimates are based on the graybody background intensities in
infrared emission.

2.2. Test fuels

Three base fuels were used in the MJFSR: (1) Jet A. a representative jet fuel
consisting of about 17% by volume of mononuclear aromatics, 0.1% of olefins.
2% of naphthalenes, and the balance of saturates; (2) ERBS, an experimental
broadened-properties reference fuel, consisting of 35% of mononuclear
aromatics, 0.3% of olefins, 7.5% of naphthalenes. and the balance of saturates;
(3) dodecane, which is, of course, an essentially pure saturated hydrocarbon
(aromatic and olefinic impurities: < 0.006 and 0.03% respectively). In addition.
a few runs were made with a mixture of 80% dodecane and 20% tetralin.
Tetralin is well known for its peroxide-forming tendencies and a preliminary
study of its influence on the formation and composition of the deposits was
thought to be worth including. .

The "spikes" or additives were tested in the MJFSR in varying concentra-

-9--_~_.P , " • ' ' .°-..o
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tions. They were thiophene, furan, pyrrole and copper and iron naphthenates.
For Jet A and ERBS the concentrations were: pyrrole 0.1 wt%. thiophene and
furan 1.0 wt%, copper naphthenate 2 ppm and iron naphthenate 1 ppm. For
dodecane all the amounts were twice the above. Thiophene and pyrrole were
thought to be good initial representatives of nonhydrocarbon components in
fuel. The naphthenates were used because it was thought that a portion of the
metals present in fuels are in organometallic form. However, the naphthenates
can behave like soaps and alter the flow pattern at boundary surfaces.

Only two hydrocarbon liquids were used in the bomb experiments, dode-
cane and toluene.

* 2.3. Spectroscopic analyses

Our preferred method of analysis was essentially the same Fourier emission
microspectrophotometry we had used previously [1). The schematic drawing of

* fig. 2 was taken from our previous publication. However, a number of
improvements were made. Thus, for example, the chopper and the blackbody
were relocated to a position between the heated sample and the lens. The old
position below the lens, chosen for reasons of space and convenience, would

HEA D. .SAMPLE.
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lead to increased background radiation as the lens would heat up and itself
become a source of radiation. This problem became particularly acute when
the sample temperature was raised from 40 to 130 0C to improve the
signal/noise ratio of extremely thin deposits. The tuning fork chopper was
replaced by a rotating wheel at 450 with the optical axis of the lens to
introduce sample and blackbody radiation alternatingly into the spectrometer.
The wheel was more stable and a better reflector than the tuning fork tines.
However, perhaps the most important innovation of primary importance for
the analysis of the extremely thin deposits produced in our bomb experiments --

was a heated sample holder that would allow the planes of the shims to be . .
placed at a high angle with the optic axis. Doing that also required a lens of
longer working distance than the one used previously. A large angle of
emission is of great importance when very thin samples on metal surfaces are
analyzed by infrared emission, for then the metal surfaces produce an intensity
pattern that has its maximum at viewing angles of 70*-80 from the surface
normal (Greenler [21). ..

Introduction of a variable viewing angle thus added another element of
complexity in our sample location system. It is not important to describe it in
detail in this paper, but it should be mentioned that a region in a deposit
sample can be reproducibly located by X, Y, Z and rotational adjustments in
both a horizontal and a vertical plane to about ± 0.05 mm and 0.1* of angle.
To make use of this precision, all the instrumentation is set on a optical table S
of high quality. Depending on the objective lens used the deposit area viewed
can be varied from about 1 cm 2 to 100 1im2, so that small spots of deposit can
be analyzed.

In the work reported here polarization modulation was not used. The
viewing angle was kept between 45* and 750, with respect to the surface
normal. The influence of viewing angle on a typical deposit spectrum is shown
in fig. 3. At 00 very little structural detail appears above the background. At
450 strong bands at 1470, 1610, 1730 and 1780 cm-' are very distinct. These
bands can be assigned to the CH2 scissoring mode, the asymmetrical stretch of
carboxylic acid salts, and the C=O stretches of ketones and p-lactones,
respectively. As pointed out by Greenler 12J, the most intense emission bands
from a material adsorbed in a thin layer on a metal surface are likely to be
those originating from a transition dipole vector having a strong component
vibrating perpendicularly to the surface.

Our slow-scanning Fourier spectrometer is ideally suited for the analysis of
the very weak infrared emissions (small sample areas, sample temperature as
low as 400 C with a room temperature detector and very thin samples on metal
surfaces) (31, but practical considerations allow the averaging of only a few
(three to four) spectra. In general, only the spectral region from 600 to 2000
cm - could be used because of the rapid radiation intensity fall-off at higher
frequencies. Furthermore, it proved to be convenient to separate this spectral

:,:-': ::
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region into three parts by optical filtering (600-1200. 1100-14,00, and '-,•-,.

1300-2000 cm -) to reduce the dynamic range. Not all ranges were run for all
the spectra. The reciprocal resolution was 5 cm - . The last two ranges
required complete removal of moisture and carbon dioxide from the spectrom-
eter atmosphere. :.

The Raman spectra were obtained with a Spex spectrometer in the RPI "::":''

2.4. Calibration "' ' :":'

Fig. 4 shows an emission spectrum of a 2.5/ sm thick film of Mylar at 600 C.. -.--.-
It is included here not only to show that all the absorption bands are clearly :-'••%:,
distinguishable as emission bands and that they appear at the same frequencies .::::[::'
but also the three spectral ranges we use, which are separated by optical filters : .'''"'

S:'-''':i
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Fig. 4. Absorption and emission spectrum of Mylar.

of sharp cutoffs. That the spectrum was not ratioed to the blackbody. is one
reason that the relative intensities of the various bands are not those observed
i n absorption. Another reason for the intensity differences is the effect of the
substrate and polarization. . .

The Mylar spectra are single spectra. not averages of many spectra as has
*become common practice in Fourier infrared spectroscopy.
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3. Results and discussion

3. 1. Bomb experiments

3. 1.)1. Infrared emission
Figs. 5 and 6 contain three infrared emissions each of deposits from

dodecane and toluene, which were collected simultaneously on stainless steel,
aluminum and silver strips. Thickness data are lacking, but visual comparison .-

STAINLESS V Al jj 1~
STEEL

I I ~~1250130- 7 i
/ l' Jil 

__'1__1_V1_

ALUMINUM I /I~II

930 1730 Il

98;0
SILVER 910 1131 60

850 ~1180 1 5

1250 12

G0o 1 000 1 500 2000

WAVENUMBUR C I/CM3

Fig. 5. Emission spectra of dodecane deposits collected on three different metals in a corrosion
bomb.
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Fig. 6. Emission spectra of toluene deposits collected on three different metals in a corrosion
bomb.

with deposits on tubes, whose thickness was estimated by scanning electron
microscopy, would seem to indicate that these strip deposits were less than 100
A thick. The spectra of these figures were all normalized and displaced .*

vertically in the order of background intensity, stainless steel furnishing the
highest background, no doubt because it is the poorest reflector and had the
roughest surface. It should also be pointed out that all these spectra were
separately obtained in three separate wavenumber regions although the corn-

.4,2
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posite spectra of figs. 5 and 6 appear to be continuous. Casual comparison of

• . .. - - -;,

the spectra shows that the contrast is highest for the aluminum deposits and
lowest for the stainless steel deposits, the silver deposit spectra occupying an
intermediate position. The order of the spectral contrasts parallels that of the
reflectivity of the substrate in the infrared (in the infrared aluminum is a
somewhat better reflector than silver).

The strongest and most outstanding emission band in the spectra of the
aluminum deposits formed from both dodecane and toluene is peaking at 930
cm -' for the former and at 910 cm-' for the latter. A weaker band in this
spectral range -is also present in all the other spectra. For this reason and
because of the wavenumber difference it is unlikely that this band is merely the -

aluminum oxide phonon described by Mertens [41. The chances are that it is
both due to this phonon and the OH. .. .0 out-of-plane hydrogen deformation
of the carboxyl dimer. This assignment is confirmed by a strong band at
1300-1310 cm- 1. which is present in all the dodecane deposit spectra but only
in the toluene deposit spectrum from aluminum. This band is considered to be
caused by the C-0 stretch of the carboxyl. Another carboxyl dimer band, the
C-0 stretch expected to be located between 1680 and 1740 cm- 'is strongly
present in both of the aluminum deposit spectra. The aluminum deposit
spectra also contain a strong band at 1580 cm-' and a weaker one at 1430
cm 1, which are usually assigned to the asymmetric and symmetric stretching. -.-

modes of carboxylic acid salts. as well as a strong band at 1650 cm ~,which
can be assigned to C--C (olefin) stretch. The presence of a carboxylic acid in
the aluminum deposits from dodecane is also indirectly confirmed by the series7
of nearly equispaced bands between 1200 and 1320 cm' which represent the
harmonics of the CH2 wagging mode-, these bands are usually particularly
intense in paraffinic carboxylic acids and salts. On the other hand, the toluene
deposits on aluminum show characteristic bands near 1580 and 1630 cm 'at
710 cm-' and around 1450 and 1500 cm-', which can be assigned to the
phenyl group. A band near 710 cm -Iin all the dodecane deposits is likely to
be the CH2 rock. A band near 1730 cm -I for the dodecane deposits and near
1700 cm- for the toluene deposits must be assigned to carbonyl. p,

There is much less evidence for carboxylic acids and little if any, for salts in
the silver deposits and essentially none for either in the stainless steel deposits.
In the latter the most identifiable bands, i.e., 1260 and 1350 cm-' for
dodecane are CH2 and CH3 deformations. The silver deposit spectra, however,
do show carbonyl bands as well.

The spectra of the bomb deposits can therefore be summarized as follows:
On aluminum the hydrocarbons were partly oxidized all the way to carboxylic
acids and salts, and partly to aldehydes and ketones. on silver also partly to
carboxylic acids and to aldehydes and ketones and on stainless steel probably
mostly to hydrocarbon polymers. The latter spectra show little evidence of the
presence of carbonyl groups. n i ( i d u" "

m tf a -
k.. ..
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How do these spectra compare with the MJFSR spectra? A good example is
shown in rig. 7.

Dodecane deposits on stainless steel are compared for the two situations. If
at all present the 1260 and 1350 cm-1 bands of the bomb experiments are
essentially absent for MJFSR. However, the MJFSR spectrum does show
possible evidence for C - 0 bands at 1700, 1730 cm' and a strong band at
M4 cm - may be indicative of olefin epoxidation. Olefins are also very likely

evidenced by bands near 1600 cm. It would appear therefore that oxidation
went further in MJFSR than in our bomb.

Unfortunately our emission spectra regions do not extend beyond 2000
cm -because the available energy is too low beyond that frequency. Others
encountered the same limitation (Suetaka [51).

3.1.2. Surface enhanced Raman (SETRS) spectrum
The Raman spectrum of fig. 8, obtained by momentarily dipping a silver-

coated microscope slide into the partly oxidized dodecane after the bomb test,

101 I'

1 1260
V1 1350

MJS

.840 1700
1600 1730

500 1000 1300 2000

VAVENMSER CI/CMI

Fig. 7. Comnparison of spectra from dodecane deposits collected on stainless steel in the MJFSR
and the stainless steel bomb.

% '



194 J. L LUt. P. Vogel /Emission MTR analyses
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FgS.Raman spectrum of a dodecane deposit collected on silver in a stainless steel bomb.

was surprising for its quality. The deposit was barely visible as. a minute
reflectivity change and was probably no more than a few molecular layers
thick. It shows strong bands at 820, 960. 1130, 1250, 1380, 1560, 1600 and at
1640 (strong) cm .The principal infrared emission bands in the dodecane
deposit on silver (ig. 5) are at 850. 910. 980. 1130, 1180, 1260, 1600, 1650
(weak) and 1730 cm 'Perhaps the most outstanding difference between these
spectra is the clear absence of a Raman band at 1700 cm ' and the presence of -

broad and strong Raman bands but weak infrared bands grouped near 1400
and 1640 cm-'. Since the carboxylic acid dimer is centroxymmetric, the
asymmetric carbonyl stretch would be expected to fall at 1700 cm -1 and be
infrared-active only and the symmetric stretch to fall at 1640 cm-1 and be
Raman-active only. An infrared band near 1600 cm -'and a Raman band near
1400 cm-' are similarly expected for the coupled oscillators in carboxylic acid
salts. Other bands in both the infrared and Raman spectra can be assigned to
olefins and alkanes as shown in table 1. which summarizes the data.

There is a great deal of recent literature on different selection rules for
SERS and for ordinary Raman spectroscopy [6). Some authors consider
chemisorption a prerequisite for SERS. Our data would still be consistent with
the assignments made, but no conclusions should be made on the basis of
relative band intensities.

3.2. Lewis thermal stability (Mi FSR) spectra

3.2.1. Overview.
Fig. 9 is a comparison of the deposit weight on the standard 2 cm2" stainless

steel surface and the "greatest unnormalized amplitude" (GUA) of our in-

%
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Deposit weight [Mg] 0 .10 .

40 Blank

45 Thiophene0

53 Furan

60 Pyrrole

67 Fe-Naphthenate

74 Cu-Naphthenate

0 ERBS

43 Blank

125 Thiophene

57 Furan 7
65 Pyrrole

71 Fe-Naphthenate

78 Cu-Naphthenate

0 JETA

39 Blank

47 Thiophene

55 Furan

63 Pyrrole

69Fe-Naphthenate I

761Cu-Naphthenate

IG..A. (106 .15 .20 .25

Fig. 9. Comparison of MJFSR deposit weights and infrared emission intensity (GUA). The bars
containing the horizontal lines represent weights of deposits formed on both sides of the collecting

frared emnission spectra in the 650-1250 cm -I wavenumber region. This region
includes essentially only bands representing C-C or C-H vibrational modes
and the overall intensity in this region would be expected to be related only to
carbonaceous. i.e., not oxidized, material. Some of the bars for the deposit
weights contain question marks to indicate that the measurements are probably
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invalid; material crept under the sample shim. It is clear that the spikes (i.e.,

the additives) increased deposit weights considerably, especially thiophene.
turan, and pyrrole. but the naphthenates had only little influence. presumably
because of their lower concentrations, if the bad data are excluded. The QUA's

A

IV /

B
bE I1.j~lA

usii lip, .2 V

Lk-A i~

1550

725 __ 1580

Go0 1000 1500 2000

WAVENUMSER CI/CMI

Fig. 10. Emission~ spectra of dodecane deposit on MJFSP stainless steel shims: (A) neat fuel: (B)
with copper naphthenate; (C) with iron naphthenste: (D) with furan.
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parallel the deposit weights in a general way, e.g., the QUA for the blanks (i.e.,
deposits from the neat fuel) are relatively low, but they are not proportional to
them. The ratio of GUA to weight is high for the blanks and the deposits from

f ' I f itl M h Ao

I- I I 

Co.A 0

1400
770 1450

1550

So0 1000 Is00 20

WAVEt4JNqWg CI/CM7

Fig. 11. Difference spectra of MJFSR deposits front dodecane with additives and those of the
straight fuel: (A) with copper naphthenate mxinus neat-. (9) with iron naphthenate mninus neat; (C)
with furan mninus neat.

V0
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the naphthenate spikes, but is much lower for the other spikes. If the lengths of
the bars for the GUA's are added for a given fuel, then dodecane comes out
first, ERBS fuel second and JETA third, but if the same is done for the deposit
weights. ERBS fuel is first and JETA and dodecane about the same. What-
these comparisons show is the different nature of the deposits, thick deposits
do not necessarily give intense spectral bands. The aromatic fuels contain less
hydrogen per unit mass than the paraffinic and also give rise to aromatic
deposits whose infrared emission bands are therefore weaker in the C-H I

780
A 850

720

AI Iti

I A

Z v\A~ 'IIv I

,a,

600 1000 ismo 2000

WAVENUWR Ct/CN)

Fig. 12. Emission spectra of Jet A fuel deposits on MJFSR stainless steel shims: (A) neat fuel; (B) .
with copper naphthenate; (C) with iron napihenate.
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region. Visual inspection of the deposit layers on the shims shows the dif-
ference in their nature by slightly different colors.

3.2.2. Dodecane spectra
Fig. 10 shows 600-2000 cm-' emission spectra of dodecane deposits

formed at MJFSR on stainless steel shims. These spectra are included to show
the complexity and the effect of the additives. Perhaps the single most
important difference to be noticed in these spectra is the enhancement of a

0.00.

iIt I

OS..

1580

Go 1000 11003 2000

WAVENUNSKn CU/M

Fig. 13. Difference spectra of MJFSR deposits from Jet A fuel with additives and those or the
straighit fuel: (A) with copper naphthenate mninus neat: (B) with iron naphthenate minus neat. .-.. %*
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band at 1580 cm-1 relative to its neighbors by the additives furan and the
naphthenates. With the copper naphthenate spike this band is already the
strongest in the spectrum, but with iron naphthenate this band is the outstand-
ing feature in the 1400-2000 cm- 1 spectral region.

As mentioned earlier, the 1580 cm-I band was assigned to carboxyl salts. 0
Therefore, the naphthenates, in particular, would seem to concentrate in the
deposits.

To show the effect of the spikes more clearly the difference spectra of fig. 11

A
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/ "-ii"" 'I""
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/ IV V [ t ! A.
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O00 1000 1500 200

WAVENUNSER (I/CHI

Fig. 14. Emission spectra of ERBS fuel deposit on MJFSR stainless steel shims: (A) neat. (B) with

copper naphthenate; (C) with iron naphthenate.

'.-...%.

, ( . .* . * .. .. . . .. . . . . . . . . .'""



202 J.L. Lauer, P. Vgel/ Emissionw MTR analysts

were plotted by computer. Thewe spectra take into account that different
spectra have different overall intensities. In all cases the deposit spectrum
derived from pure dodecane was subtracted from the spectra derived from
dodecane containing the spikes. Contributions of the spike are pointing up,
subtractions down. It will be noticed that all the additives enhance bands near
770, 1400, 1450 and 1550 cm- 1.Iron naphthenate and furan resolve the 1550
cm 'band from its 1580 cm -I neighbor. These bands occur in the additives.
Thus the spectra show an increased concentration of additive material in the
deposits.-

A~ 1A

0.00

0

1580

G00 1000 IsmC 2000

wAVENMB4ER El /CM

Fig. 15. Difference spectra of MJFSR deposits from ERDS fuel with additives and those of the

straight fuel: (A) with copper naphtheaate minus neat; (B) with iron naphthewiate minus neat
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The first two small emission bands on the left right after the steep initial-rise
of the background (caused by the optical filter) should also be compared in the
spectra of fig. 10. These bands. located at 720 and 730 cm-' represent the
.amorphous" and "crystalline" components of the CH 2 rocking mode of
paraffinic chains. In the liquid phase only the 720 cm -I component is present.
The "crystalline" mode arises from interactions between neighboring chains.
Clearly the naphthenates enhanced the 720 cm 'band but virtually wiped out
the other component. Tetralin did the same. These bands may therefore be
related to the relative stickiness of the deposits.

3. 2.3. Jet A and ERRS spectra
in ip. 12 and 13, 600-2000 cm~ emission spectra and their differences for- .

Jet A are shown. When the "blank" is compared with the deposits from the
spiked fuels, it will be noticed that the 720. 780, 850 cm -I triplet correspond-
ing to aromatic substitution is reduced in relative importance by the naph- r

600*F

720

A I

1150 1600

GOO 1000 1500 2000 i-a..

WAVENMKec CI/CMI4

Fig. 16. Emission spectra of an EROS fuel deposit collected at 500 and 600*F.
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thenates (it should be remembered that these are normalized spectra) while the
1580 cm-I carboxyl salt band is relatively enhanced. Again the -conclusion is . -

that these spikes concentrate on the surface.
The conclusions drawn from the ERBS emission spectra of figs. 14 and 15

are similar. The spikes enhance the 1580 cm- t carboxyl salt band, showing -
their increased concentration there.

3.2.4. Effect of deposition temperature on the spectrum of an ERBS deposit
Fig. 16 shows an ERBS deposit spectrum obtained at 5000F and one at

600*F in the MJFSR. The strong aromatic bands at 1600 (naphthalene)and
1150 (m-substitution) cm-' are similar in both spectra. However, the higher ,
temperature deposit also show strong bands at 720 and 780 cm-I which, if
they belong to the same species, are characteristic of vicinal trisubstituted
benzenes (fused polyphenyls?). An enhancement of these materials would be
expected in the deposit, but confirmation of this result will be required.

4. Conclusion

If the reader has got the impression of enormous complexity, he has got the
correct impression. Even a relatively simple, pure hydrocarbon such as dode-
cane give rise to various polymeric and oxidized reaction products in its
deposits and the distribution of these products depends on the nature of the
collecting surface as well. The basic mechanism of liquid phase oxidation, viz. '

formation of alkyl hydroperoxides by the reaction of alkylperoxy radicals with
hydrogen atom donors, which can be the hydrocarbon itself, has befn well
established (71. In some instances peroxides are formed instead of hydroper-.,. .," ",

oxides. The decomposition of these peroxides then leads to unsaturates,
aldehydes, ketones and acids with the strong possibility of chain reaction
stimulations leading to polymers. The metal substrate can influence the deposit
reaction, such as salt formation with carboxylic acid group. Our bomb experi-
ments showed that an aluminum surface favors carboxylic acid formation, in
other words more oxidation, and oxidative properties of aluminum oxide have .. .

been reported [81. Since all the substrates in the bomb experiments were at
constant temperature, their influence on deposit composition could be dis-
tinguished.

The MJFSR deposits were more highly oxidized, e.g.. had more carboxyl
groups, than the stationary bomb deposits, presumably because (i) more
oxygen was available (it was continuously injected into the stream) and (ii)
oxidized intermediates could be carried by convection as well as by diffusion.
Hence the different compositions can be easily accounted for.

The Raman spectra (SERS) came out surprisingly well and were very ,

helpful in the interpretation of infrared deposit spectral data. However the

..- ,.:,.:
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procedure is clearly not routine and seems to work only with silver substrates,. "

which are not realistic.
Much more realistic is the effect of the additives or spikes. Furan, thiophene

and pyrrole are all very "aromatic" in their chemical behavior. They all -
promote deposit formation; pyrroles, e.g., were found to react strongly with 9
peroxides to form polymeric sediments [91, but the detailed mechanism is
unknown. Tetralin also reacts with peroxy radicals, even with its own hydro-
peroxy radical by serving as a hydrogen atom donor, to form hydroperoxides
1101. The soluble copper and iron naphthenates are oxidation catalysts as well
as micelle-formers like soaps. Dissolved copper in lubricating oils was found to
be a good chain-initiation catalyst, dissolved iron a good chain-branching
catalyst. Micelle formation of dissolved copper has been considered the reason .7

for the maximum oxidation rate observed with increased concentration. Thus
the naphthenatei would also promote carboxylic acid formation from fuel and
these acids would chemisorb on metal surfaces.

As was shown by one example, temperature can have a profound influence
on surface deposits; higher temperatures increase the oxidation rate.

Thus fuel composition, temperature, the nature of the boundary surfaces
and small amounts of nonhydrocarbons can be of great importance with
regard to fuel stabilisty and wall deposits. Oxidation is the prime chemical
cause. And the spectroscopic procedures of infrared emission and Raman
(SERS) spectroscopy can assist in differentiating between good and bad actors
and in establishing mechanisms.
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The comnact a ofedw plae of a bafflplate (both cosisting of Indeed, the reactivity was higher the higher the preheat
hardened M-0 &Wd) sliding Walaahydrodynxmti contact run on temperature. Based on this result, it was assumed that the
trenlhypo ne triueptsaoate wnit or ithout ticresphosphate scuffing reaction depended on a critical preheat tempera-
(TCP) addti was sptcally profilid periodicaly uwih a phase ture but that, in contrasi to the implications of the total r
lacked inkference microscope (PUM), b bfore and ex. contact temperatureconcept of Blok (2) and others, scuffing
posure I. alcoholchdrocloric acid. As scu/fing was approached, does not have to occur right at that temperature. Presum-
the change of proe wi/thin the cntac't region changed much more ably, a metallurgical change would occur on heating of the

*rpdyytecdpoeaiuu metal surfaces which could eventually affect a large enoughrapidly by the acid probe and assumed a contant high alue after cnatrgo opo oetefs hmclcagsas-i:: .-
contact region to promote the fast chemical changes asso-smfijjng. A new nonetching mtallurgical phase was found in the ciated with scuffing. Alternatively, or in addition, a chemical

sc7 mark. -uh was apparently responsible for the high reactivity change could take place on the surface, such as a transfor.
Soaking the metal surfaces in the lubricant before running affected mation of oxides or of other surface compounds (8). .-
te subsequent react ity. In this paper, we report on series of experiments in which

The mcr qpic profil changes (sensiivity t .30 A in depth) a lubricated ball/plate (both of hardened M-50 steel) sliding
involwd primarily the small asperities of radius < 3 Im, whil the contact was run long enough under appropriate operating
kargr ones were unaffected. Soaking the steel in TCP smoothed conditions until scuffing occurred. However, the plate was
thefine structure of the surface profile, but increased the reactivity removed at known intervals before scuffing and the reac-
tomard ydrochloric acid before sliding wa start. Ths behavior tivity of the contact region towards diluted hydrochloric acid
paralels cheical changes of TCP-exsd sufaces o pre- was determined at room temperature.

Our present measurements were made both with an ad- .-

It ~ pm ~ ~ ofditive-free base oil and with the same oil containing a tr1.
it would appethat tis tpe 4 mintion could be used for cresyl phosphate (TCP) antiwear additive. Soaking the bear. ,

screening of potentially scuff-resistant mxwals. ing surfaces prior to contact operation was also investigated,
originally to pursue some of the observations reported by

INTRODUCTION Shafrin (4) some time ago. Using Auger spectrophotometry.
Shafrin had found that exposure to TCP initially formed a

Scuffing or scoring of stainless-steel bearing surface% %a.% phosphide on a steel surface but that this phosphide changed
found to increase the chemical reactivity at room temper. to a phosphate on prolonged exposure. This change in the
ature (1). A phase-locked interference microscope (PLIM) nature of the surface would be expected to affect bearing
was used to show on a microscale that the same exposure lubrication.
to dilute alcoholic hydrochloric acid produced much greater
contour changes within than without the score track. On
the conjecture that a maximum temperature reached dur- MATERIALS
ing scuffing or scoring was responsible for the reactivity
difference, a series of stainless-steel plates were briefly heated Lubricant
to increasing temperatures and their reactivities toward al- The lubricant used in this work was the base oil of a
coholic hydrochloric acid measured at room temperature. research lubricant prepared by NASA and designated as C;.

MIL-99. The Fully formulated lubricant was designed to
h... - o . n .,represent those manufactured under M I L-L-236199 speci-

poe atl MASWLASE Lubuication Conference In fication.
NeWoI, Contlocut Otober 11-20. 1W3 Specilically. the b;e stotk of G-MI1.-99 is pure irime.

• , .O
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CH20C -(CH)s-CH3

0

"II . -

CHS-C ---- C H2OC - (CH 2)s-CH3

0

CHsO C- (CH2)s---Hs

Its principal physical properties are:

Viscosity, cSt at 98.9t 3.5
at 37.9*C 15.2 Fig. I-woergh of 1"Nsealasused. The stte.was sWle

Pour point, C -67.8 -.. r W '6 .....

Specific gravity. 250C 0.963

Shell 4-Ball Wear Test DA ERminum oxide under water, until practically a mirror finish
was reached. Under the metallurgical microscope (nital

FORCE SADIMTRetching) the structures typical of tempered martensite were
Newton mm, at 54*C apparent (Fig. 1). Some chunks of carbide (white areas) can

*600 rpm. I hour be seen.
9.8 0.21 The steel maker also supplied us with the following phys-

98 0.43 ical properties for this steel:
392 0.57

specific gravity 8.0
M-30 is a 4 percent Cr. 4 percent Mo. I percent C. mar- specific heat, J/kgK 418.6

tensitic steel. The heat treatment procedure was the follow- thermal conductivity. watt/cm*C
ing: at 100C 0.37

Preheat 8161C 3 , 0.35
50WC 0.34

Harden I I 106

Quench APPARATUS
(in molton salt) 552*C

AC Phese-Lockod Interference Ml icroscop e (PUM)AircE SAR D pAETE eThis instrument is the same as that used in our previous- - -

Temer' (2m hors 538'bCse

T. (2hurhinvestigation (1), but with certain improvements. Only the

Air Cool Room Temperature improvements deserve detailed attention here. A major im-

Temper (2 hours) 538C provement was the addition of an argon ion laser which
makes it possible to use a number of different wavelengths

M-ir C ap4 Roo Tmperae ,as surface probes. If the surface scanned is metallic, such
Three more tempers at 524*C as gold, or coated by a transparent oxide, such as aluminum
*Tempering sbumW be started asx s omtmprtr oxide (Fig. 2). the profiles are the same for different wave-
is reached to avWd crackanl lengths. However, with steels usually covered by an light.

absorbing oxide coating, the profiles appear to be different
Our samples were heat treated by a local heat-treating (Fig. 3). Since the oxide layers are known to be extremely

company. The hardness of the steel after the heat treatment thin, the same metal surface is always the source of sample
was 62-63 (Rockwell C). reflection. The differences are, therefore. ascribed to phase

Our samples (20.6-mm diameter balls and 22-mm x I I- changes on reflection, which are wavelength-dependent. -..

mm x 7-mm plates) were ground before the heat treatnent. When a wavelength is partially absorbed by the oxide e.g.
After heat treatment, a grayish finish appeared on the sur- blue light by a red oxide, the phase change is dependent ,*-

face. The plates were then mounted in epoxy plastic and on the thickness of the oxide layer and significantly differ-
all the specimens were lapped by machine. They were po1- ent from that produced by the pure metal. Therefore. the
ished successiveiv with 240-. 400-. and 64)-grade sandpaper "apparent depth profile" scanned by this wavelength is dif- .. .

under water, then with !)-micrometer diamond-inibedded ferent from that scanned by a wavelength which is not ab-

.'a * . o

Tmper * witou water) and" thnwthinvcrmt - sretigationt(1), butfwiehcethn ickneets of the ide

-7-~

Air Col Roo Temperature- imrveet deev eaildatninhr.Amjria.-



Amajo ipoent of the PLIM has been the substi- -

tution of two 40x, long-working-distance (I 8-mm) objectives
for the old standard 40x objectives (4-mm working dis-
tance). The new objectives are Cassegrainian reflectors and
should, according to established theory (3), be unsuitable
for this work because a small portion of the paraxial beam ,
is cut off. Contrary to theory and previous experience with
other Cassegrainian reflecting objectives, they work beau-
tifully; however, presumably because (a) the two objectives,
i.e. one in the sample and one in the reference beam, are
precisely matched and (b) the blocked center portion is very
small compared to the two-inch diameter Cassegrainian col-
lecting mirror. The long working distance makes it possible
to obtain profiles of surfaces through windows.

fit. 2-.O a proffs of e anm umam phat obtai ed with d.ff.ra..
wewelamgui of M urge lao bew.

RESULTS

Effect on Surface Profile of Surface Treatment with the
Lubricant Containing 4.5 Percent of Trlcresyl
Phosphate

Figure 3 shows the profile of the original M-50 plate
surface as it was obtained with two different argon ion laser
wavelengths. The surface was very smooth but the profiles
show some differences with wavelength, which we attribute

'p, to patches of an oxide layer, for our experiments were car-

t 3--M41 Pk M Woe Nts. pMoe Mwe With Wv V- ried out in the ambient atmosphere. For this reason, the
leagoe w noed, surfaces were very likely covered by adsorbed oxygen as

well. The presence of adsorbed oxygen on M-50 steel in air
was also inferred by Faut and Wheeler (8) from their ex-

layer can be calculated provided its optical parameters are periments on the friction of TCP.
known. (We are now in the process of constructing an el- After contacting the same surface under the microscope
lipsometer attachment to the PLIM to determine these pa- with the TCP-containing lubricant for five minutes, the pro-
rameters). In our reactivity studies, real profiles and ap- files (Fig. 4) at the same two wavelengths became smoothed.
parent profiles are mixed since only profile changes are (Note that all our optical profiles were obtained on dry
observed. For this reason, care must be taken not to imply surfaces-after exposure to lubricant, the surface was rinsed .. .
that the observed profile changes are always true surface with much alcohol and allowed to dry.) The smoothing is
contour changes. especially noticeable at 4880 A.

Distance calibration of the instrument is very simple. In After soaking in the TCP-conaining lubricant for four
the horizontal plane, a reticule, such as those standard with days at ambient temperatures, the profiles (Fig. 5 taken at
optical microscopes, can be used. The horizontal magnifi- 4880 A) became even smoother. We then applied a drop
cation is essentially determined by the magnification of tb- of 0.01 M hydrochloric acid in alcohol for about ten seconds
objective. The larger the magnification and, therefore, in and washed it off (our probe reaction). The small asperities
general, the numerical aperture (NA), the smaller the field were attacked and removed (base radii of 1-2 I.m) but the
of view and, also, the higher the resolution of sharp surface large ones were unaffected. The "steady-state" situation was
contours. Clearly, a steep asperity of less than two microm- obtained after allowing the surface to rest for some time.
eters base diameter cannot be resolved if the effective res- It would appear that chemical reaction continued even after .-....
olution of the objective is less than that. Unfortunately, the all the chloride was washed off. It could be more chloride
higher the magnification of the objective lens, the shorter formation, but it could also be oxidation subsequent to chlo-
also its working distance. Depth calibration is done very ride formation. After another acid probe treatment, one of
accurately by the phase jump in the detector plane. The the original small peaks had become a valley. However, the
separation between two successive interference fringes cor- large features of the profile remained.
responds to a phase difference of 2r between the sample To compare the TCP-treated surfaces with untreated sur- .,7
and reference beams. If there is no oxide or other dielectric faces, the series of profiles of Fig. 6 were obtained. Clearly.
layer on the sample surface, there is phase reversal at the the changes after acid treatment are very small and even
sample surface and this separation of fringes corresponds the acid of ten-times the original strength did not change
to a change in depth of sample surface profile of half a the profile very much. On careful examination of these
wavelength of the laser light (e.g. 3164 A for the He/Ne profiles, a certain long-range periotlicity of asperities is no-
laser). This geometric change was made equal to 1OV of ticeable. The corresponding "wavelength" could corre-
recorder output potential. spond to an average grain size (Fig. I). I nterestingly enough. .. . .
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theefoe. heTCPtreated steel surface was much more re- tobaiseeOilwith W1rey.lrl CMM (TPddllve Oformelr with I
lcm toward our probe (certainly for small asperities) than three 11041. of prier mod"in st amibient temprattirs, the hoatte0

the ntreted teelsurfce.without soaking. Traces 3 and 4 are the corresponding tracethe ntrate stel urfce.for the bees oil wilthouit TCP. The inversio of thw numbers of

Reactivity of M-50 Surfaces as a Function of Running Unl two pairs and th upward step at 400 seconds of all traces;
bill 4 should be noted.

Time Toward Scuffing
The bali/plate sliding contact described in one of our steep rise of traction (subsequent examination of the wyear

earlier publications (5) was modified to accommodate a 20.6- track was consistent with this identification). The traction0
mmn-diameter ball and a steel plate instead (if a sapphire was somewhat reduced by the prior soaking, but not very
window. Bokth blil and plate were of the same hardened NI- much. In the case of the TCP-containing oil, prior soaking
3(0 steel described earlier. The lubricant was fed into the brought the traction to about the maximum value of the
c01stt region (on top of the ball) by means of a peristaltic base oil; however, the traction was almost halved when soak- '

pump. Traction, or at least a proportionate quantity. was ing was eliminated. On the other hand. without soaking,
mionitored with a strain gauge. Loading took place fronm the traction was very erratic over the course of the exper-
the top to anl average Hertzian pressure oI20 kbar (Hertziani iment. exhsibiting steep rises as well as drops. It was difficult
ratdits - 75 pill). to obtain reproducibile running times toward scuffing ii that

Figusre 7-shows plots of' traction versus operating lttle case.
under these cond~itiotls. The top two curves correspond to Comparisonl ol the traction cturves olFfig. 7 shsows a sharp
the base oil containitng the lCP andl tile bottom curves to increase near 400) seconds For all cases except the base oil
the base oil alone. Both sets ol plots also compatre the effect withotut soakinig. As this increase apparently corresponds to _______

if soisking the NI-34 surface lcw three hours in time lubricant scuffing. it would scent that TCP. in gemmeral. (fomes not delav
al ambmietnt leniperat tre. lit tile case ofdv bh ase ijil. p~rior scuffing.
mlaiking ulerell exteinded thle ltle to itculing front I 20 Figure M4 shows a series or profiles withinl the wvear track- - -

seconds ito 400( secoodsl. if %41ilictg ii. ideiiieci li tile flst ol the plate coottact helore and after acid treatment Icir een.
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acid probe reaction and thus get a measure of the surface
'I M, won -A" reactivity toward alcoholic hydrochloric acid, the standard

." ,ad. UW.0, center line average method was used. That is, a center line
parallel to the horizontal axis was drawn in such a way that
areas bounded by the profile and the center line were equal
above and below that line and these areas were used as the

ow reactivity measure sought.
In other words, the change of roughness so defined is a

function of the action of the acid with respect to the surface.
Figure 9 shows plots of these roughness changes produced

Wm by the acid probe as a function of operating time for three
41- lmof the conditions of Fig. 8. Without soaking and with only

the base oil used, the reactivity is seen to increase very rap-
idly corresponding to the early scuffing noted in Fig. 7.
With soaking, the reactivities prior to scuffing are greater
when TCP is present, but the sharp increase of surface

Mig. 6-Surface proies wilthin the wire track of M-50 plateas scuffing
F i dl.- Su w th tahed. o M-l Ate ms sreactivity subsequent to scuffing occurs. at nearly the same":" mNcormln wer apomite. The wavelegli was 4M A law ..__.

the tmpetur was ambient, time for both the TCP-containing oil and the base oil near
400 seconds of operating. 400 seconds was also the time at
which traction sharply increased in these cases (Fig. 7). As
a matter of fact, for the base lubricant, the profiles became
smoothed (or hardly changed) as a result of the acid probe
prior to scuffing.

Figure 9 also shows the very high reactivity toward the
acid probe of the TCP-soaked surface before any traction
at all. It is higher than any reactivity noted after running.

To confirm that the reaction within the scuff mark was .' -

Arun much greater than without, a profile was obtained at the
Ac medge of the scar before and after acid treatment (Fig. 10).

The scar was "filled in" after acid treatment. There was verv
little change outside the mark.

In order to investigate the nature of the material in the
scuff mark further, the plate was barely polished and etched

" I with nital. Figure 11 shows that material within the mark
did not etch. The half-circular appearance of the mark would

_________________seem to indicate that the normal to the plate made a slight -___-.__"_
,tMa ,,IM, i o angle with the direction of the load. When the plate was

fi. -4ht of mold probe on contact region roughness as scuting polished a little bit more, the unetched material disap-
conditios we approacd Roughns Is defined the area peared. even though some of the grooves still remained.
under the rae of the surface profile, whic~ Is bounled Iby the
horizontal line representing the -center Nns asverage."- Curvels 1.
2, an 3 represent b as oil with" TCP or prior aeklng, base
ol without TCP but with prior soeidng, ad base oil with TCP CONCLUSIONSmdprior soelgfohee hours ataint temperatur.

pIt would seem that a metallurgical change is produced
20 seconds. 40 seconds, and 60 seconds of running time on scuffing and even earliei-though to a much smaller
(ater scufing in this p experiment. The time to extent. This change is long-lasting and responsible for rapid
scuffing did not always reproduce.) It is clear that the reac- .-
tivitv of the plate contact changed continuously with run-
ning time and became particularly large after scuffing. For o 00
example, the asperity of the next-to-the-last profile (after .Lr acid

scuffing) became a valley on acid treatment.
The prohles of Fig. 8 were obtained with the Ibtse oil

lubricant without soaking prior to running. Wheo the pro-
files before acid treatment are examnined as a function of' .H loof rots outade N scuff metit
running time, a slight increase of roughness call be een tip -- toe d m
to the scuffing transition. which is accompanied by a large
increase of roughntess. In general. the acid pro)e produced 10".
a profile of changed roughness. the increase nearlh corre- j
sponling to the running time. r""

In order to evalate the pr.lile chainges prolluced In the Fig. 10-Profile near edge of scuff mark

. o
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were never observed in the absence of TCP and a partic-
ularly large reactivity for the TCP-soaked but not rubbed
steel. Their results were also explained in terms of chemi-
cally different surface layers. Work now in progress in our 7

laboratory is aimed at the chemical analysis of these layers.______
It would appear that steel surfaces aporoaching or after0

scuffing. having been exposed to high temperatures, are also
much more reactive at ambim*a temperature. at least toward.-
diluted hydrochloric acid.

Conversely then. such a probe reaction can be very useful

63,. to determine scuffing tendencies for different solid mate-
rig. iir,,,.. 1,.,, of eest Mrk a a m old Is rials and lubricants.
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-Anr ester lubihrcant hase oil containing eoe tr Pioir#, standard reduced hy 30-50 percent when the contact temnperatucre
* ~additives to proitect againsut wear. corrosion, fie xdt,,was lord exceeded a critical vailue iii fihe eigltlarhootl or 2! S"C. the

toi (ill experimientail brill/plie rlinO/ldoltYliic contart u~nder exact temperature depending onl environmental conditions,
* Ittaoil and tpored condlitions stiid as t Ini~duce tiillg failtire in notitli' the presence of ox'tgee andi moistutre. Such a deC-
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elipsonmeter, and (c) a scanning Auger spectrometer. The optically the nature of the'film generated by TCP or other lubricants
deduced surface profiles varied withi wavelength, indicating the and compared the surface with that' outside of the wear
presence of sureface coatings, which werre confirioed b) the other track. The changes in profile we found cotild be explained
invtrumentations. As striffing was approlacherd, a thin (-100 A) only in term-. of a dlifference of chemical comuposition onl
toxide laver and a carbide laiver Jorned III the wiear track. Iin par'. the sturface. Indeed, the appearance oef the wear trac k aefter
ticeilar. toicese tricievdp/eospleate aniteear additive tr.1 preset lt i short failure-free hearing operaition is oflten inire likeli a
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* ~~~ li b1 ase stock was tile satne purte %%.fialesimed niateo- i.al. or to meascare it. IHowever. an esatimate of* tiltc maximum
*trimethylol propane triheptanoale (NIPrH). used in otir surfaCe temlper-Ature rise based on Witter's calculations (5)
* earlier study and described in its paper (2). The itai-icanit, indlicated that tile temperature could have exceeded 220*C.

were. in additiorn to the base stock. solutions in file base file critical temperature for T(:r/Atirface reaction accorditag
%texk ofr its Fatit alilnd Wheeler (3).

*1. 0.0209 percent by weight of" betizotiawole W17F), ." AC Phase-Locked Interference Microscope (PLIM)

corrsioninhiitorThe instrument used in this investigation was essentially
2. 1.036 percent by weight of dioctyldiphenyl.hmine the same as the one used previously (1), (2). It was, however,

(DODPA), an antioxidat
3. 1036percnt y weghtof penv-alpaa-aphty- itmproved by a superior photodetector and miscellaneous

aittate PANA. aso a antoxidinachanges air clicuitrv. Thus, the quality of the reference mir-
* .1 2.3 prcen byweiht ntl he ittwearaiditie . ror annd vibraitionial stability are now the major limnitatio~ns

cre5V11)1t4)phate (TCP) to) higher accuracy. At this time. t 3() A an depth and 41.5
~. al h ;ao~eat a li i~e~ n tlietaanie 4 ,i4-i i ra , ~ ~ maaaak ig1 le sirice plane are tile liniiititisa.

'mitt~ ~ ~ ~ ~ ~~~1 tiVtuIol t)ar(NIl- f ait 11Iacaiif ed earlier athat tttrfale po rfles file;.tu ted
get helr, form-ng a tilie I'ialk (o titlaeoiglftMII. by the I'L.IMN (or anay other optical 1)14)1 le nieter) -ire dif-
L-234699 (G-M IL-99)

ferent from thoase measured with a stylus prolile meter.
Probe Solution Since an understanding of this difference is important. a

The rob soltio wa 9.0-NIhydochloric acid in careful analysis of tile phcnomenon was anade. The follow-

ethalaol. irag brief description shotuld convey the essentials.
Comparison of Optical and Physical Surface Profiles

Bearing Metal It will hle recalled that any ititerleromieter suich as the
Both coimponetits o4 a he exhiac ta all/plattc coi a;itt I1.1 N comai)res a ref'erence path letaga I to atit untknowsn

usere Mad~e of, tle i~ al Alli %ecl (N al ( 41ldt a-4reatted I k'ig~il In tui (o a light Itt-attn (latser hevat). Ii otar case,
tit ta~e al a4t:4am-hu tothetzaaiulattmerstle~i14ai~at thle hisiances fromt the beanisplitaer to tlse vibrating refer-

* ~by a local heat-tetetcmay h mrestc te ence mirror and to the surface to be profiled are compared.
had the following composition: 0.80 percent carbon. 4. It) If the distances are equal or differ by half a wavelength (i.e.

percnt hroiuna 1.0 prcet vaiadcam, an 4.5 ler- a full wavelength of optical path), a bright fringe will be
cenit molybdenum, Its hardness after heat treatment was focussed on thle detector; if thle distances are not equal, a

The6 (Rmpleswere 2Q.6-mdaee al n 0x servoloop of the PLINI will apply a voltage to a piezoelectric
The ampes ere20.-mmdianetr bllsand10 12 crystal to movye a mirror to nmake the distances equal and
x 311)41 lats, he lat dieiiiots tettrtiiiid b tl ths ~olcge ivill he plotted antI readl in aernas of a profile...

inle sysem o tlt scanin *~uer 5)ectonieer.clatage. However, phases are conmpared by the laser beam. --

not real distances, for the position of the frinages depend

APPARATUS AND EXPERIMENTAL CONDITIONS 0Il tilt ases. Phaases are chianged un passage a litgla a
ti iiii as well.a% aIi. reflct;ion. Figtre I gives a seltentali-

l.os ag (ih fie laserrli-uaii. laia thle ttso bra-aia
Ball/Plate Sliding Contact I wi tag comtapared. If a qlab tlla i~~lt isatii mataaerial, e.g.

li alias a it. fi NI-i14.1 c iiiig ha~ll iii 2411;lua in iaitiit %las, is iittoaif c ilit (t14 ile iifltn Il-aia*,l thet illsiriuiaaet-i

i Ii, a.aiatil th5 a li1,11iii~ l Shill 5411 .i l iii In5 1%%o %%ill I vi ,au .i ait (Ii th i . II alitig Ialie stialut .14 .-on..auasilit.

of.41)) hol,iaii,1lodiiua a.ai, u o si i. 4.5 aai lt li))h1C4. Ilit Icais l1ialkl s,-seail tluiitiouiii: it lo4)) lit-u

I r4t iail It ite de%-ekaped ill tlie Conaftact ctitild I he deterai nit-el litser heahi 4041 smalul area. ala tisig ii its -aa l resolution -,

Stotal ailie otraaiia ceti-tauted ila .1 leatl tiprati coaialtiaac filie atail1 gi ealti aittl es. at lataitas thle talaige 41 file atngle ual

ga li.% s.as ilioauiaa-a 4)111 l l l %litt ,ia '114 (1,, itita i t - il, th .iii 1~ii c i l ,i Ii'41.,ai I,. I lit- l'l .I1 \ .4and Ili. leaciicil. -

1ailftel itl lite %aa tdattd wat,. li load 441 14 1 hei \i it Oct I 14\ I lilt,.. .ailsI 4 im ilt-ita nd .i il I it ill t 1ii av litiaiiell to)

Ii.ao1gliaa weighat liltlite loainig hlaal illia. I lit, 1iili 3o Ia -lgtia 2 also lons a adima sfil Lit t, lai t.5s4itica, 1)4
illa V 11)4it -ie ols14 (it- 40)4).))) I 144 I .tef4 154 .1i .11 .11111m '11i tiiiil, a ii lit-It 144l 5If4lshitt.)-

a i ivit.itiit ls- I 1w t~a lma~~ pimiii Nis .aaluimli \%.is iii, \ Ii't) it .i si .1 ii Ii, listil1 is 1mi liu t I I4 : Ill flit- - -

a~ 1 4. i-m4.1 i lt- h ltlihait.ltiii Ii) to41 1 fo it, ' *iii4lo, )4I - 441 1.1 ill 4)t .1 iscltc I Illshsiii i i'iiii i i .i.h ri

lla iamtt gioiti. .4I 10I)iltV\iaie 411 1 I i Itia 4Iio # I ' _7-1,61, I lit- %'tigu is

* ~ ~ I he naxinttiat Hertzaaan prlessu re wvas 0. 1 I ;a inl all t lie i%54itl it) sIe allia j4n oxitde 141 of %% Ii a lie (1la li ctt hiitic es

e prtueas reported here. The hall speed was '220 re541- (It rt-i acttiott sItia- fii aile ligtiae hasc 'actit utsted ita thle

I.. ltt tits per~ ftninte, etarreillotidirag to 01.2 ft/ut liniear speed . 4 IIIII4 11a.tt4 lt t14)1t.Igiuiaamlaind tf IA tatl fiixIIII 11114 t I lie vail-

I 'lie do rat io n ote verv rta was 301 iitiaa ;a-if whit It I litl Ile' are t-ealikla ti Isote ia simtI 142 I tie till 41 41 vlig ill

lte t ractiont fo rce had aleatchetd a e-ticai Ile ta.4ilt fi gtt Ve rjtstasale11%%iallto l fIe dt. I li
P... No attetpt was made to control the contact refitperaittire next plota is tlie opltical ptathi dfilleretwe without takig the
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Fig. 11-Scheffatic drwng of lowe interlitraimeter

detoctartI sia it polaiat ion oll tihe Laser hIiil .aI Its)a ll e ile h
dAW profile.

Our atiaivsis has %hown that tile tiiickitess of' thle oxide
la ter ;and its (iJtit-Al istltdiS are inipji. Iaot (jtioli le-

be sponsibie for the difference bet-ween physical and optical
$Plitt or profiles. Oxide layers as thin as 0.03 l~m or 300 A can have

dIrastic effects.
Is it possible to deduce the true physical profile from

optical profiles? Thle ajnsier is a qualified "yes," if optical
profiles have been obtained for different angles of incidence
at different wavelenagths and perhap also f' r dhifferent pn. .*

- larizations. In other words, thle optical conistanlts (complex
indices of refraction) of both film and substrate must be .-

(leierminetl front the profile differences. If they are known ... *

otiiervise. say front eclipsomlieter da~ta. the ti tle catkti Lit io ris *

fevolne Intut Si itpier. ii an,1 case. ii eret'tws be-tw"een

oticaltl jill ile%. at differenti waiveieitgti s tot hetweeli oplt wal
and phyvsical pri di lcse icproof of Ill1w piesetice of 5urldcve

Faraday-Modulated Electronic Recording Scanning
Ellipsometer (ESE)

77-/

/ ~~Iui.terials Atiger clt i il %pv i m %4,)p\ lm h 's t va cII

li1t'9l. (ai an 1*9 HitiIS suit late 111.114i11.11% 1l lif .ii11(i.1ii%
Fig. 2-Clos, up of light path near sompiS surface (ot : hi ilig all ellil isi 910u? l ie inot til it till 9 1.1 Iat:tI- I-

lihaI.. £ latige I~i Il elct i itil 1 .1 ( oiulil li ' .11 n 11'i 1%.I ~ill II;lotl uI~iI19 Ileiai ler ql it \ll '11 I I it,9 11991re lisfl~t *

Ile t Ihie that Would he actutaflv revogdedi (hlei, lilt littl I III h (h) E'SE call SO ppkietit A ES sint-c it (IC pCIids tiili moleti isr
le opt wal path dill ci ene anid the phase cliamige till re- conil ositons)0. whtile A ES basically wvill detect oi ily atoinic
Ikt in. C learly. I le reijirdlci pri les were pIilliii di levrei species. and (C) ES E can hre iticti'direcrt, ivto niesa r i i

119,11 tile acttial J~ylih5iaI lrihic. IDiI Ireti, %mlenisag i will thfickness, wvhile film thickness ieairf lci h AES Ir-
Al lct the phase profiles lxCAUSC thle t(9IIlipleX aeaIrV ofl IC I> qire ion milling. i.e. sputtering with airglon ionts On file

Lfraction (optical constants) changes with wavelength. The other hand. ellipsonietry is an indirect and less senusitive 4
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Ni. 3-Comparlsaon of optical and plhyelc profiles. The woedge-ated IrMu OXWO layet Shown at the top can be tranafotMed Into the OGep 9eP at
the boto by variations of fth absorption Index.

11111114 h idt .tal i *ii thtan AElS. ( Icarli. it i% a atia,,ige ;i Ito i14)11 is klitmili .1, t h l lii;I' efcilt. Theit' C i is tfiiit'i 11% a

4 hil e ES %%'l l E 111t i %t Iil I this IM I l 5 1 -lif4 lpl'l 4. .I (i tiic 1llaIvi 1t'i 'ic i t fit-II ItV .~tIf\ %%fillt

*11141' pm-il-1 .1m f\4 4i4' l ile 4444 4 41 1 i v'.i xil 141 ll IaiIe tel it. if fil i /.I ffl eii* i lm.-j %%fil I1r e I I ilv 1111C41il

cli s Illc I I 1 -h'4 v 1 Fig 4. II I I i I, . I ;11 t hc itII1,1 )1 .s litIc I4 I4 I Idt t1 v i, '1 t" .. 1 Iict tI( Hot-ie "11 l. jl lt III( ait aor der

%ilt4 I1444 I l II'.~k i l( Ii igiq ml 1111 . '11 ItoI4lI' p 41 1 <444 I ckr B'1111 11. 1.111,1l4111p,1 li~S llti4 4lit*41 .Ii

%ditu ii, *.1h1 bliii1.4 du hit~41 II i-4 i nl I .lI.Ii %Iltb tlli .11l H4 i t~I '11 444 111 14144p-- I /IIl.1'1 l'(-l i .1

4Li4.l44 lr \!4 44 t Iili it . 4111 ilt' a il.I 01 1 l Ititilt C 4* . / 4*4 5(.411 .4.4.4 1i4441441* l tl. 151'lI41 1

iiIllit'4 irt ti shwitl ig. 4ta. This 1 is itite eu-pmiti- mg, . II.tll Lkiv VeiC t'ii .4I' c gWiint. ioIitlci aili Irde t il

erigl.1u e d ii (ledi tauset t h alo 11 i ll i re t11141 11'. iiil t. LttiIc a i I ilaie l int11l a at i ; and.m. i l ntile

o (li li t I b r il lf l.i t h x' - i' t I ie tll%( itl " I it. .. 9 It ' t 1i.ii ti i ll I I tirI II ii lt' ii-ic ,I lilt lti Iag

lIekI .I d i t IIt'Icog p.1 cii t 1" cvfit]% i IliII' po Ijll \1111.1 i'. 11ii C.1 U ll, i. iI i a Iiai-t a iglt 3 i li ilte trt1.1e

hont be n alledl .11 t1.1-LIhe Veret onsant III Il(-iie .\imIt [Ii the S1di1ui41 t Ietct 0 lI theI 500-H? 11114-11

*m 111.IIl s..1d (i om t m fl f~ ,' t c lv 11.m )I fill-
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th diferece lxiween tilie rellected pi atid coliimeiits Vi.
Y brat itg parallel acid perpendicular ttle plant of incidence.

respectively, while tan 4l is (he ratio of the reflected amspli.
tudtes 'I'/. lle valcsillaiee or's. and Il ;eiI li ee nuri 1ttier-
it-ilh set grapheicalliim asho wnt ile Fig. 5. Sets (of 0 ati -Y as

4 C( etermnhied for ltocations ecu thle sample surarhce by a niumer
(if scans at different angles of polarizations and pints such

3 P ~ * as the one of Fig. 5 are drawn for every location. The slopes
P coiodlooke or the -Y vs 0 curve at -Y - 0. 45. and 90r then provide the

values of A and 4li. Once A and 4p are known, the index of
i. -itu # iai. i of(6)1e.i..dsusini te et refraction I) atid tile film tlhicknsess I can ble calculated, but

siie to is cnsssrsipex. seissistiieg o)f two variables, more than
Mste soceaiis tliwsscs are fteeded. e.g.al mol s ricsgles of ill

Y ide le . (1, ii''ttss al I MI. slifleri-tt %%iol ellgi I s. etc. The
(oltt~tiiltt1 s ait' vi ladilei (little extesive, luslt are eatsclt

p erf iDesl i t smai~ll labos rats en compuater.

Y,/si2cs RESULTS

Tractions and Surface Roughness. Effect of the Acid
Probe

4-30" Figie s e 4; %hoswic.;t rt-;ion Ct-s-e% for tile thd iei I1111 itel sts
6-60, ahe r t fee hali ttl jdttes %%-re soa~kedl ill then For thsree ho us

at it tithit'tt teiteiesaits v1. Iliem- (tir-vs e it. v ll t ( ssttlea;tile
except tr tile tiso itioxidaicts DOI)P and PANA (low

so V 9 go, 0final traction) and for the fully fomulated oil (high final m

traction). However, without prior soaking, the traction with
FiW .. -owsioion of the @11iomtrW pevanstes is"e discussion In TCI' was much lower. The operating conditions were such

1111 test; from RfW. (6)). cisat scoristg or scuffing would occur very so'cn ttcr thle fully

srnitimaed oil. thereby allowinig uts to ntaxittle thle (differ- A
byt phase-sensitive electronic detection is zero and the elec- ences with respect toe scoring sct ifing fcr tihe additives.
tronic svitten is "locked." At tile samte time, tie amplitude Fromn these results. differenices hcetiseti tiee bearing stir-
of the first harmonic (1000 Hz) is monitored to) make silre faces foer thie antioxidants and the Tt.P withotut stiaking and
it is nonzero. If. howvever, the amplitude detected at 5Mi) thle oiler iiddiiises could lie iniferred. l'se chieck this idea,.W
I ii is te isiero, al cit ssisgtnal is itsed to ad d 1s, tile VC bias i-irltr'isluewssUI;lclIws sltiitidissn

eel tlee sec-oitd Fasraillsv (till. Iblis adds a DC( tetatiset 141tsile lilt- eisli il piselils's. I Ile S.it114e (l.1is west- llfteil int Fig. 71.
poeales.1tts'te .c111tssttli cewgnisig Iteueet1 [lie Fatiadas sell,; aisld Ihv l l5seiltte~ v lit.%ttttittolales is, lossils: A settlerI lute
is efsitiaalet to rotat ileg thle anah "Cr. Thle direcim) sit tl te isJ% ps ss sitesl tless iseglt Ste s pli isl litifi lvi trl a tIi~ilice

Is (ses lepessi l ilie Ii 'til' il the 1rill tile ;a lsismi is I. ill 'ts It j a 1.1 ~tit-e %1t111 sst illes' .es vt's is- lhe Iisslice

* C~(iec inst sunteset. seserth riletasuretl is periods withtin tile iel rtleitteitsm) DD
tsatiititfist . a isple ste-la e is sIlme I)\ slissit uts ile %itm. )ilt PANA sme alsosh tit u lith i0(1.11t1i; guitlili .i 'jivldliitl

'I li itf lit I i s )I l ils ss .s Ow ssi- I se.1 tsu l it 1.issliii t1is it-s tel iesi liss %% Its s1lit-d iIstisI list "In,,- O t. t*Iei
Is1s1s lict s et l i vales - Is is.. isll 1ls %(- itit-i . .1iisstls .1ti tslst-:i *1 l %s t . t lt .ts I ll es i li . 'Isi s., sll tssiw stis

s-c Il 1114. silty111il s'-eIu- 155it-ct i s stk-i le 1t-11 sissal s- ,i.tli- *ss-illeIsiv "I.t Is~s itsl.1,0 111~tet islb- stst 1. ill 1ssel

I le l . ti sl e 111,110 . issiiss5 e ei' s'.iiss ltl (ee 6esc11 It I / stisl1 IC I, dlt ill f ll- 11isisi av ' .,i~ I Owe 1il.111s

slis- tiig .i eesii e l iee.1sls posles1/.1 s 1%,il .is 11 d llisiliss le~si ssit. .111 %i lle st si ssglie's lss i t-111.111ts-s sblcstt test-

isleice sietis (lie lltn-(e ees suit at-i. stste I i-i .1etld %s5ate ilt teg1 sets1% ofi eele e1tic.
retfratie i- teslexesite thflit esgsee ieith atsiatlsi A sIt mset exain s altion scl Fig. 7 i-c'e.tls is ssue micii 'seng

h le refleted ellipt icidll- pe slarii~et 6eas cii I lisv ah %il os elI I it,. s selaht ii si. Since tile sertita .tI -is I% loiimst% id ttlile
elliptical s ihrati li Case Ile cas-riesl east iii .e tess cilw (I st #-.ss. se-s %-en-re d isplastr bvt tri ahistr\ amto sif i tid estml-5
tle moest conuiciolooe adoptedt otie 1ies eels uig file nieae ise- flsitt*sstol -1% tfest(1 atle siginifi.11 sI'llte 11s1 ills Is es-eel u oi sl
men(tosf the parameters A1 andt C.e A repitstiesits the pleaise tG.A'f Il.-991 .tstd tiee two aniine atltitis-eA PIAN and DODII-A..



SOS
curves ciiFig. 9. Heist all the suerfaces were soaked for three
houtrs iii (lie rcripecike hibricanis. cleanted and dried, and

-* o1thu 401-1 lthen iiiiediaiekcls used iii tile traction test with clean base

neil ab le ext eplio ifl of (P. whlic khadt a very 1ntie c ,owc'
tra.cttio. 1"1 was the next lowest, but thle significance of
its shift with respect to the others could be questioned. How- s

SASE OIL (.11hm clfitiss ever, BTZ and TCP showed similarity before as was pointed .-

091. out previously (data of' Fig. 8). The anitioxidants DODPA
Al-lantI widANA anid the fully ceimpritinclecl oil had thle highest

03C1 z:B ASE OIL (-Ilk 4*@*isli) iactii force ;il tie end ol lie experimet.
tos O I-%ill lbe lii' ed t hat tile el sof Fg. 9all Sleope til whslile

11o"co FiPC igli. 8~ iIli 11imh la Li lop5l9e is CI(nlVhigh .

',,o 5.'. .csi . r i.. , ~ [li I ' IP his iliiuvici co l e ill a Ii I ; iitd 1iifile I-iioivaI
t. ( 11c IC M0 cihange oii .I stti i c iii iti it) i (tl igl iti t - surfice

inia it ligy. tist so~aking iii thle addtitive is p~ractically inad-

oc4 equate.

I ~ PAElllpsometry of Wear Tracks
0

o L _________________________________________- -In Fig. 11), iiu (hiaiim, -ii aiipili ithichsitece across
ite %es#ii tek i'it' plecitcr. I he ;ainple (hall/plate) was

os v cil ill i lit VI ' Iithi ic;Ii ist- c thtict Iilitari mid t hen runl

ill lilt I iall~piaii e' Cttiitiieiit . C cais. tile lialtire cii tile Sur-

Oilc Li. sclIi etmi iunsidei tile estver iimk. 'Ihle clitige i% not

008n caused 6% a cleatige ohl relieciiog atigle foir tile rellected laser
Jto_____P_______________f beam is very restricted by apertures. When the angles and
P~I coirrespoinding aziniuths were changed in order to comptite

017 the filmi thickness anid the oiptical constants, the f'ormer came
______________________________________ - nu tip be about 6il A at thle miaximum and thle latter cor-

alplotcc Ri MCCtI respondled rotighly to FezO:, bv comparison with the data
of Leherkiiight and Lustmaol (9). Thle identification is ten-

eg at it' ad liciit tilnthti loi lack i)1 reference tiaa which will
"W"OO,0"he p iiatied later.

I PAH SiniiI;r billnituch weatker eha~tiges wee f uoer the-
%vrl*tkcot tiie ipilivi lciiii itapils ceiitaiiog different ad-

- -________ mii c.. lie ji erellmsJ pi eeijio ii 'f;i tin eoxidle laser
43 c~ilt sseuii itap ks %%miildl vm to li ii geiti-il. bit is. stronigest

. I i 1 i 0 " pi i ' 0 14 i ncc i fli l e o fli t h i T' P Pil r t c i i e.s i i
I-ILO 1 '1 iilIl it iivci -1it1c . 1  lciit (Pi l cl-( iciit tno hefa Iist'1

.11 1ili w I I Nis i'ihip ist il i I4v s liffei t h tr 1 ii liit

is. ifoetistS-hii r iiietaiis an titl Icilior di electrics intd
'lithe c ~~leie ten l htii iti pie. liliicals hast ;e teeiii1 ,ex iite

*cp~~~c ~. 7M ('il I let 1.1 llcc I%-c .pll. .11 cci'lillc cielt. 1111 is Il% I 1C.11cl

Fig. 6--Traction tracts for different lubcicantil. The coordincates are iden- lP 1tc v c cl. It 11. il

tica foeiii he PtS*Auger Electron Spectrograms

g.,li st Iit 'sip ccii li " lc.ccce ccii ipiel I. i1.1 1. hei iil1c cc. 11c11,1cit I.i itcei epic. .," 1N llt v t ,l

slfit)%ss a cleseetielitig sloiK. iwsiciiel 1001 %e cinch I hC'C (Ill- tlei leihitaiii. I liie(' aiieas ese'I" selIcteld. tcco %%t11itti tilt'
I eiee omighit Ile iclateelt icle I ciritiatii ill ii lii i Ct -.it- is~k Icapi c atid i ime ioimdc e cif it lilt- i ciiemie. After tilt

fate cIxidies. hall expeiinient. thr specttie C ts'S.,e is a'cf ecu %iih lro of

If the aolclitile at tell hi lirciic mgt .c sit it e liii alteathl .ile iclcl .11i4l iclipimeu I tes ailici t hlitiitpi en- ticateci piucr

fill 11iakinig. iliit, (itpe mpigli .I% 'ell 115 i st' m tile iiase oil it) their i1 4titti pici I nto ill dii .. igtr sve tresict' At; a
withouit the aidditiv'e (hiring hearing ipetat in liiis pro - lotri.a ja dihed MI-541 plate tiot uised in a hall/phit e x-
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Y 126-4±t72 246i =IS 29i 1 42 .1611 S ; 4:12 5 i . i 10

DODI'A 34k) 2 S 314i t it 412t±52 314±35 308 $49 28:1±26 427±t76
P ANA 443±=74 322±t56 4 59t 129 314 t4.1 281 z93 349±49 403±t67
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Fig. 1-Roughnesso changes with Operating time of bearing contact. The units of the firdinate, are arbitrary, but equal for all the lubricanta. The curves
for ftl different lubricants arne displaced vertically to reduce confusionl. Roughness Is defined as the area on the optical profile plot, which Is
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Fig. 9-Traction curves for the base oil after surfaces had been soaked in different additives

I hli i t rfiIPflt e% l il ittlie re~tfe els. 31 A (.11)14iit.4i IIIMI lIt .11%4i'L tidelk Ihte itt ii ispi et i(

I,; likels- lt havie fine as %%ell. Ihe reevmte. tiiues-el, C(Iiliii %(([(I% filth litlIgiii.1l %I(ci did l itt shoiw .i 1111,io.
dhu.. not lsa~st ii If las.er %wiliit oitir ii -r ;if thea. ( 0 titietit iimi ill file ss cat ii lhiats uiiliiiit (llikles

suorernent. hill the otlher mateiitl migilt hiave ai weak 12tijel tc.uiireslt312%uiletse.



Analyter Angle (derr.-1

44

43

42

41

40

39

37
0 0.2 C.4 CA 0.6 1.0 1.2 1.4 1.8 1.8 2.0

Fig. 10-E tipaorntry trajctory across a wear track produaced with TCP In the balipiatt experimtenit

C

Fe.

Fig. tI -Auge spectrumt from sot area within the wear track Produced by the beil experiment with TCP Soaking. dM dE (arbitrary units) is plotted against
elcron energy.

DISCUSSION AND CONCLUSIONS ig~itle.ItdiItrtc ~it w ikit-i %%it ItttutI-
i mitiiin %t uerra.1)I)11imit Ite. It t.utlEI btttid thasi le

I toI pill ,ttt*% is 111% jntlit-ilt 1111 (1). (2 1 e-It lIi Iu viu vtt 611 ivw pr.*w4-t e Iof tile ilt awe% er adm v tn I ( i Tt Int u it t11 lt.u111 ii 11
e.1Iv Ie (o ii llte tlt~mll it- 111)6 atII (twilet .1 jis)lt-lw) fil II, Cs i1ii14 ltli il% dtif ulal let eli. I lhenltl~~c II~ 11,111%.tI1%VtI %%~t .

milm Ceiuteilir cliigirs utatitil altd sititsutle .1 tet Ie ttm k a ..sujf(I~g CtaIId( eit Ir III- -Arilet . ei~titttittt Warll-



rer Ar C, F.

Fe. MO

0

Fe Fe Fe

t 0 oo 4.00 PO0 40O 700 600 (-ru tV1

Fig. 12-Auger spectrumn from the Fig. I1I sample after six months of ion bombardment dNIdE (arbitrary units) is plotted against electron energy.

3 3

C 0

0i 2 4 0 2 4

2 2 4. C 6

2 C

0 2 0 2 4 6

C
00

2 2

o 0 0 60 2 4 0

Fig. 13-Rato of. al bon to an Iron Auger pea: and of an ozygon peak to the some Wrt peak for different additives as a function of ion bombardment
time. An arutnt abrtnhsshown that about t0 A of depth are removed In a minute of ion milling. The units of the abscissa are
milling time in minutes.

4,** . . . -. -. -



14Li~m.41 .411#441 4)I4)444 1 ifts iI( I .k4.i4~' 444 m.01 lbl.444. S44 Li so 44 I . 4 4 -I", 1' 1.1. .14it 1I1

fron ilicise l iiec by tile ilk temnperi aure criterit i. Its lilt. til-mimu .11 ill tilie Itle uill om mnalmed (pil I% in i altered

A principail objective ofl this Steed) wuis 14) 1 myp (it explin tile In the uitlivi. foimld adiitje, is tile Itmilif flitiilmed uil be-

- h~~elilivicim of tihe acid probe ill tihle that i;u kit imtiser Ii. lia~ md *illli1 ll% l44 CIlv f~i~it- 11tiuttl ildiiliii" sees

- **~~4)4ild ako4 lie'Ig lin)vald l( i vi lig4 al all .4Ii5** i 144 tile l.1iittl 441. 111111. I14C hv i,'1-11 141'e lilt- sl~ilivi I (I till i' ',l N * %

qmm~stil~ti. . I lilt%. it **mil44 *eciii thai~t Ii'iiii Iiii*4 levelsi14 geit4 ll4 144

* ~~~~if )I'reices iI li thiptic.iI profilea11tfiI ifeei s*'velvilt I hs. lit- mill itlie desigii illI lori'11i mg iiiameriails top tivel444ctImdi4 i

elhipsciuiiei mv anid Auger electr4444 speti roso 4501 Iil tu44mv aind s4ifi iig I iilO me. 'I'v 1141 i llilt iitait444 w411~itht (lie

been Shotwn I44 diec'ritinuite beitweeni tie sm ir'iace wilhi i thlie Iscaii lIig %4 uliPcs. i.e. tilie I 4i4Iii 1 of twle mc~iid perhaps

*~ ~ ~~et WiI' I ck flit M-50 steel wedI~ outide qii' it. 1 'liv ce m ne silierm I.iv1 CI' 5* ii ililj 41 i L44 et'.

* ~ ~~~444;is ( 1 high~ler foriiCli iiitlii (if ii fIii. incesti likeI --h

11441 fixifl('. %%ile tumile4 '4*Lai track 111441 utitt%i4I. IiertfiC4i1i4

* t'~ili iigl. it i 44141 ci24 Ilili 111 prilulli tile. Iuimiimj'44 ACKNOWL.EDGMENT

*phtittim* peaks as* talici'. hadl i'cl)Ilte4 (I11. bieii thmeim lilt, ltv*dm i I (ctv. \.( 3-2. Adflliimil Itiniimg wa icS

S11141% ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ '14c ledIII itl ollmi l Pwiesall I/ h livc ho, li i 1.41c (l Aic )lillt Scievtii m Resecih. Grmant
* ~~~~l~ciW tile Itlilt' imaterial1. Such all gii dce 4*4)t01(1 I eai littlet 11 Ni...* AH)S R-81 .00115 a11 In it grimi i in ti441lie Arms-i Re--

I a%1mei ciilicamlk. wiide acid lien [Ile alloy4% sieel it sell. 'I lmit%,
%e.414 It ( )lil vI. Gian Nip. D)AAG 2-183(IN4S.

tilie oidel woul expai t1 ( X iltc bhav~ior il'il h d~ him144 Iii W11 ;if,(1*4 %%fl il iiikt this imppm4 iiii thank Siiimii
li4i4 40o "11.rise fix 14 e I is more ikehI i li~ I litiit4 Ilii lilt- Fii lit tilial %.4 ii. MIichl\a*i Mi4)tlx f'or iiistrtCiil

V. cam trat 1 li anmi 41t%141e iii biIecuiise 4)1 he higher *4tiii'4ni iitm ' ' mur..an -. t ict ~r 'mii~ m

iviiI plrat f' t ill I lic %%14 *rar tiraick. I i would4 also4 4424111 I I i4 Iit p11 p44Ip ieitt il IXII 44I tie IP1.1 n!4d ESE c.(ireltties. The die-

.14 Iighmcm 442I1m1)421ia4 IlICS. Il1igli 444 l at I)" o414C* 111141 CNIII.4ill %e144)l.14l off 0W ImC 4CQS55.4i *4f1'IWMC W;..S Itide Cekirem ficr

144I4111 11 fIlut (if Fig. if ad tilie 'esilil (if I'iiii 11141 ~If44Ici if I% ti hel p (if Dcuit m (1 antdler-Uh4'lwiiv t. imn I lie Nit.
I I .\Itlmmluighl sm 11I .111 il4i 44,4 Ilver' fill life sel11.e( c (44111d final lii mu-a m.if Stai mmcid us toi %timn 'e hice 41 express outmr

(4 litei'alI* pr 4144.m th Irmm~h 1411441~ ii ~ii'mie, thmanmmks. I)incami *1'. Nfl hue of the Iist itute o f Optics, Lni-

wI 4 iC 4 4'miil I441 *15 tjN rtci o le 411i414'24II * I I'11*4' sesit% 411 Rochemer. provided us wiith nlicest 411' e knowhbowl

it is mo4 re likelv t'mhat thle Sameii 4)xidIi/iig c4 41 i tin.41%is I eal 4 lea a md tii4'mlit i'S l tlie ehlililieter. 14 ir which we are most

to tilie 1 )I'llil of iilie oixide also) lea Iei til IM lliol l (it gram eltmi. W ithiii t his c4 lt ii tied assistance, our ellipsometer

fi cti144 ons rme Siunce frictionm i lenmi is*. il tursa. relate wCml n44i ia 1. he 1)(10c.

to) acidl ;Itt(ge anid the acid is IikeIl' to reatt 41 ickh% witi hi- 'Im lime Atiget' amakises were cairried o)1t for us by I. B. Hud-
I i1 S1 it-ilid,0e. p1i-ti(Ied file teli) pe)Ci'it II I is Ii ighI eiilm i 444.11( Iileim i iieimigDpm umia i ' r .

A 'dile 44O~l bi11Ie inade he r a mecha~nism of *41I cfitig. \-I/ mc- gil 41m)1mm li i ok

mma'l iml* th ide4X( latom' In'. rea~cimin wit m i44js imm til in-m-

Imn;mtexIXwsimz time iia%4emil mmetaml and14 .lo1114411iIil-It.-

mmtmal Isclls. \\'4l 1*timl%% iii prJi'i s''% ili 4mmm I;iiitmm %%ill

tt.%l lilt,1idma. REFERENCES

A me%% miivm.mllm1im41 ml phmase filmlN-. steel %%;1% .11*.) f.4.mmmid It.. . 1 . .lo %ilq 1 14 .,~ S. .mmm1mmpmr I( lm4mic .0 1 it.

and I cm t l .-l imm filet' c~m herit- i m lim'mifm 12). [IN ofq limg ( mmi - Iw 4444.444' Stith Il (~,... .imi amill %tttm.nmi4.am * m.m 4511y T~at,.

.44 44'lmsimt, * t.1mmt.l 144 44t1'hi1m it ml, ai tai inim I hem 1110144 4. 'l'~ 4

.41 l,-11 4milt '4II' 14111 4m init- *5-t 4.it1 k )11* 1144i tilt- .4 ii l . ~4 ... .... ... .~ s-,.* ... '44444 . 4.

1,111%I f £44 1 ( '. .im v .I I ' 44cil% 1 l Ill , 41 4It-ltm4 14 .1 ilimi. 24. ' ,(,. ,i \%I' '14- 4£ ., .,4.m4,,.44.1.0

I £4ic %11,1mm (14- mimimimI Iim l e mmdwmm 14,111 4*(V 1144.41 Il .14 ill Is'' 4 211 44*4s

4 4~ . ''. 441.4. 44 IS .4..... ... ,4 .444'. I ~'
li 4 141 .m*4m'4m b\ £ t im 44*4 .1 14 .44m44 4.41 * 11414t %ill4.44 c ..... . .... 444, t4 I4. I444444.444' 444

,ilLt ~ t~ltm - I.f ,1 i . 1 mm I ll v mm'm. mmm I41 .444 l ,4mm4 1*4 I~ i4 I 4, I,4...
4  

m4. '1'~4*, *I 4.. 2. '
11tlmi . 4 1£14'11 1 ill- 1444 %%.I mlit'1cf 1441l 1,~itg V",s ... 41 %1. . . , 4 W ,

1'.111111t4 111t It.11 I'm ditt es I)Il c d Irlltl- ...1....

1,,* ''. 11.4m1444 mm 444lm .4s 4 1ii11* \ m* .m'11 44' ,4c~m i444 I.. . 4/l Ile. 11 "1.,

'm 1 14ite4444441 .1*1 4 4l 4411 11 4m'41 li 4444114444 fill,44 ill- 111 11'''''' I4 It 44. R, o

£44'c 4i ll.44 44 It I /.4 4 l il ll mmm*444l'i 14 1 £1'4' I-.4 £4,44 %'4 
''''44 ' ~ 444 ' , 4 4

%tmlhc'.mo. uili ai .mmI41fit ii?) hhmer. Ilmmsse'.ei .. * P.im kim%* 4I's444..4'14 I 44o4d N.. 41.. ". pp *01-4.,1

mmilimit. tile' bel.11 1 fill iIles~ m. 4i s 1 . stilIlls#m. voc II 4141 .4' Is 4 I. 1, 1, q,444*~ H 4. 4 . 4.... ..... ''4 .~~4 44444

ell.md h'4il n let 11144t hmeimsis. millimmgli lmes m% 1. IR11 1i1m'.4 1,,,,

fll .4 141mug little. 444 It4,, ' Ill 44 1) .,..14.44 4,4,.4144., 4.1. ,4,1,'4.4.,

* ..... **4' *l'*..-.-.*.-..'" .444 * 4*..%d



I- I. , "W -'lll. . .. t 1.-.. .. I. I

. 0 f

/ , .... k \, ... .... , i,,* ,,. ,, .. .. .. ' -in ', ....... aaii. - l l. ... t I a ia,, . '- ",.g..ai, t ,1 I , .1 

" ' -']- ::-

7

r-

;. - .-..-

Presentfed at dIe AILL ASME Lubhlt~o Conference. San Diego. Catifornia. October 22-24. 119": This pape' i the literary property ot the American Society
ot Lubrication Engineers The Press ay summarie freely from this manuscrit alter oresenltion Citing source. howeve publication of material constituinq more
than 20 pe'cent o the imnuscript shalt be construed as a violation of trie Society s rigats a,d suttect to appropriate legal action Manuscripts not to be published
by fhe Society *l be released in witing for publication by other sources Statemelts and Con-ons advanceo in papers are understood to be individual rpressions
Of te aullat and mot tholse , tMe American Society o Lubrication Engineers Oiscasistc of' t" S paper wIl be accepted at ASLE Headauaite's until Nov,0e,"
30, 1964 -. '."

-.... '..-..---.---.----..

'%'%,'e"J "'., . .." .r.s." . r " :" ,...:" .. "" ".". "q 4"." V:?" ." " . . %. %V. - , -. .. ."""%



.°

I..

APPENDIX VI

Analysis of Patchy Microscopic Depositions from Jet Fuels
on Stainless Steel or Aluminum by Infrared Emission

by

James L. Lauer and Peter Vogel

(Presented at the Third Conference on Infrared Physics,
in Zurich Switzerland, July 23-27, 1984)

To be published in Infrared Physics

%" - .....

. * - i -

* ,i.'- *'oo



-°- "° .". -•
7. 7oo.

I. .

James L. Lauer and Peter Vogel

Analysis of patchy microscopic depositions from
jet fuels on staihlesssteel or aluminum by infrared
emission

Rensselaer Polytechnic Institute
Troy, New York 12181

Fuels used in aircraft jet engines also serve as coolants in
heat exchangers. As they circulate past hot aluminum or stainless
steel surfaces, they deposit decomposition products which, if allowed
to accumulate, seriously reduce both heat transfer and flow rate at
a given pressure drop. The deposit problem Is aggravated by the
presence of dissolved oxygen, a high aromatic content and the small
amounts of nitrogen and sulfur compounds which are most prominent
in fuels derived from shale oil. An accepted procedure for the test-
ing of fuel stability makes use of a rig (jet fuel oxidation tester,
JFTOT) in which air-containing fuel is.pumped through the jacket
of a "condenser" whose inner tube is made of 6 cm long aluminum or
stainless steel tubing of 3 m outside diameter, terminated at both
ends by 4.5 cm long, 5 mm diameter, brass or'steel cylinders to
which electrical connections are made. The outer wall of the jacket P..
is a glass tube. which fits snugly around these cylinders, thus
providing an annular space, I mm wide, for the flow of the fuel
which enters and leaves by connecting tubes located at the ends of
the test section and directed at right angles to the condenser axis.
The inner tube is heated by electric current to a temperature moni-
tored at the center of the test section by a thermocouple with leads
along the tube axis. Typical temperatures range between 200 and
3000C. The standard flow rate is 3 ml per minute. The flow of cool
liquid fuel over the tube surface causes the surface temperature
to vary with distance from the inlet and the displacement of the
position of maximum temperature from the tube center to the outlet
side.

After several hours of operation deposits will have formed on
the outside wall of the inner (JFTOT) tube of the "condenser,"
predominantly on the outlet side. In the standard test the deposit
density and color is rated against empirical standards. In our
study JFTOT tubes were located in a horizontal plane above an all-
reflecting microscope objective lens, whose optical axis was in a
vertical direction, In such a way that the deposits were in the
focal plane of the objective. The enlarged image of the deposit
was aligned at the focal position of the collimator mirror of an
infrared Fourier spectrophotometer. This instrument, of our own
design and construction, was described earlier 1]. Translation
of the JFTOT tubes in an axial direction could be done precisely
and accurately so that different deposit portions could be brought
into the field of view and their infrared emission spectra analyzed.
For this purpose JFTOT tubes were heated to 700C by thermostatted
water. A room temperature Golay detector was used in the spectro-
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photometer. The spatial resolution was better than 0.5 mm. The
deposit thickness ranged between 100 and 1000 A, as estimated by SEN.

With many fuels the JFTOT deposits formed in a series of brightly
colored rings, shown schematically in Fig. 1 (bottom). These rings
are not interference colors for they generally correspond to emission
intensity maxima (Fig. 1, top). Most likely they were produced by
instabilities of fl ow velocity similar to those observed by Knapp
et al. [2] in their investigation of the flow pattern about the
Talli of a cylinder whose axis is located in the flow direction.
At positions of low flow velocity in the boundary layer overheating
is likely to occur, giving rise to fuel decomposition. The color
of the rings is probably caused by light scattering.

Figure 2 shows emission spectra obtained at three positions
indicated in Fig. 1. The deposits come from JP-4 fuel containing
10% of aromatics and were formed at a 285*C JFTOT temperature. The
top spectrum corresponds to a peak of overall infrared emission--
and a yellow ring--while the other spectra correspond to between-rings
positions. Characteristically, the top spectrum shows apparently
inverted emission and absorption peaks a 't the intersections with
the broken lines because deposit thickness, substrate reflectivity
and wavelengths resulted in the distortions described by Hvistendahl
et al [3]. The middle spectrum is also partly distorted while the
5Fotom spectrum is essentially undistorted. The distortions can
be removed by computations, showing that all three spectra are very
similar and permitting estimation of deposit thickness. Chemically
the bands at the broken lines refer to aromatic rings, but the
last one (1740 cm-1) to carbonyl groups.

Figure 3 shows emission spectra from deposits of a jet fuel
derived from shale oil, which were collected on aluminum and stainless
steel JFTOT tubes. The upper spectrum is distorted, but both spectra
can be shown to be essentially identical (by computer). The main
carbonyl band is now at 1700 cm-1 (carboxyl). This band and others
indicate the presence of metal carboxylates. A particularly outstand--___
ing difference between these spectra and those of Fig. 2 is the
presence of strong bands around 1100 cm-1 (OH and unsaturation)
and at 730 cm-1 (CH2 rock).

weeIt is clear that such analyses are difficult, but can yield
a welthof information. The JFTOT tubes containing the deposits
weesupplied by Mr. Robert Morris of Wright-Patterson APS. His

cooperation and the funding of the project by AFOSR Grant No. AFOSR-81-
0005 are gratefully acknowledged.
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Characterization of Lubricated learing Surfaces
Operated Under High Loads

* , .

James L. Lauer*. Norbert Marxr* and William 1. Jones, Jr.-*

'-.
The composition and surface profile of different bearing surfaces was

determined after different period* of operation under various operating
parameters. A variety of lubricatinS oils and additives such as trtcresyl-
phosphate antiwear agent, aune anticorrosive agents and antioxidants, water
and oxidized oils (containing acidic components) were used. Optical surface
profiles could be obtained to * 30 1 depth resolution of 10 vu diameter areas
within and outside the wear track and the optical constants and surface film

thickness of the same areas could be found by a specially designed magnetic-
ally modulated scanning ellipsometer. Metal oxide formation was accelerated
within wear tracks.

1. INTRODUCTION sufact changes of a loaded ball-plate slid-
ing contact operated on its way to failure.

Although lubrication has been recognLed A realistic system was selected for these
as a surface phenomenon for a very long time laboratory studieel an operating contact con-
and is of enormous importance in modern civil- sistLng of a loaded M-S0 bearing'eteel ball-on-
Lan and military technology, the changes plate of the same material mock-bearing sd .
occuroing on a microscale which set precede lubricants simeulating MIL 23699 and its addi-
macroscopic changes, such as failure by tives, i.e. a met comon heavily loaded bear-
Scuffing, are still mostly unknown. yet the nLg system. The mock-bearing had dimensions
identification and understanding of these such that the width of the wear crack was ame- .. -.

changes offer much promise toward the solution able to our surface analyses.
3r at least mitigation of bearing problems. Significant changes were found (i) in the

While my new methods of surface anal- changes of the surface profile within the weal
yes have been developed in recent yares, track over the course of bearing operation foa
their requirements of ultrahigh vacuum and of different lubricants, (ii) in the rate of oxi-
electron bombardment make these methods destruc- dation of the steel bearing surface within
tive. Furthermore they mostly furnish only and without the wear track, (Li) in the rate
elemental analysis and then their spatial of chaue of optical profitl within and without
resolution is net high. For some of our work the wear track after a brief exposure to di-
ve have been fortunate in having access to a lute hydrochloric acid, and (iv) in the fric-
scanning Auger electron spectrophotometer tion for different lubricants. Comon surface
(AES); its best spatial resolution of about additives in luoricancs, such as tricrseyl-
50 usm is rather high. However, mst of our phosphate (anciwear) and bensotriasole (anti-
analyses were carried out with spatial resol- corrosion), produced larger profile changes
utions better than 20 um and they made use of than other comon lube dditives. Invariably
(i) a phase-ocked interf0erence icroscope these changes could be associated with the
(PLIg), (11) an electronic Faraday-modulated ore rapid formation of surface oxides within t
allipsometer (3YM), (Lit) speckle-contrast than without the wear track.
(SC), and (iv) friction and lubricant thick- The hydrochloric acid probe reaction
ness seasurements with a ball-on-plate slid- changing the surface profile could become a
ing contact. This apparatus was assembled and convenient and useful test for bearing sur-
brought to bear in the search for significant face reliability.

______________The PLIM and YMI instruments developed
*Rensselaer Polytechnic Insitutts for this work will prove to be useful in many
,tASA-Lewis Research Cancer different applications, not only in the anal-

ysis of metal and metal oxide surfaces. -The
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applicability of SC will, however, remain mirrors is the reference mirror which to vi-
very limited. brated piezoelectrically at 20 zs. The other

"MITrror
j 

is the sample surface, which can be .-
2. HATURIALS tranalated hrisostally to bring surface

features of different heights into the field
The lubricants vere trimechylol propene of view. Reflected radiations from these

triheptaneoate base stock either alone or with itrtors are recombined at the eamplitter and
see or all of the following (i) beszotriasoli passed through another microscope objective
(0.0203% corroseou inhibitor. ITZ), (it) di

o  
to bring enlarged interference fringes onto

ctyldiphenylsamie and (iti) phenyl-alpha- ,a photodetector. If the two bessplitter-to-
aphthylamime (both 1.0367 and antiouidants, 'irror distances are equal the photodetector
DODPA and PAIR), and (iv) tricresylphoephate is "locked" into the peak of a fringe and the
(2.55% TO antivear additive). The fully 20 U/s amplitude vanishes. If they are not
formulated oil is equivalent to )ILoL-23699 equal, an error signal is gsnereted, result-
(G-KIL-99). ig in a d.c. potential on the piezoelectric

The probe solution was 0.04 K hydro- erystal to shift its plane in such a way as
chloric acid in ethanol. to mke the distances equal. A plot of d.c. . .

The ball and the plate were hardened potential against the horizontal sample post-
(62-631C) uarteusitic -50 steel (0.81 C. ties results in the "optical" profile of a
4.1% Cr, 1.01 V, 4.25% ho). surface. It is the optical profile rather .

than the true physical profile because in
3. APPARATUS AND ZXPRDMNAL CONDITIONS reality phases and not distances are compared

and phaves depend on the optical constants of " " - -
gaIl/Plate Sliding Contact the surface layer and its thickness as well

as o the optical properties of the substrate.
In this rig an -O50 bearing ball of 20.6 For this reason the profiles obtained with

me diameter could be rotated by a horizontal different laser wavelengths are different
shaft supported by two bearings and driven by when different surface layers, e.g. oxides on
as electric motor. The ball vas loaded from steel, are present. Pron these differencies
the top by an h-SO plate supported by linear the nature end thickness of the oxides can be
bearings on a horizontal loading platform in deduced provided some of the optical constants
such a yay that the friction force developed are independently known, e.g. ellipsometrically.
in the contact could be determined from the
strain generated in a leaf spring connecting Paraday-Modialated Electronic Recording
the plate with the loading platform. The Samig 11iLpsomaeter (/32)
load could be varied by hanging weights on
the loading platform. The lubricants vere A schematic diagram of the Faraday-odulated %
injected into the contact from a reservoir llipsometer is shown in fig. 2. This is the
at ambient temperature by a peristaltic pump. ellipeometer originally designed by Kontn and

The maxismiu lertaian pressure was 0.1 CPS outry 131, which was modified first by Sullo
in all the experiments reported here. The sad Moore at the University of Rochester 141
ball speed was 220 revolutions per minute, and now by us. Radiation from the laser source
corresponding to 0.2 a/s linear speed. The 5 is polarized by the polarizer P, whose ez-
duration of every run was 30 minutes at which mth of vibration with respect to the plane of
tim the traction force had reached a near- incidence is 0. On reflection from the sample
steady value. surface K'the plane-polarized radiation has

No attempt was made to control the con- become elliptically polarised. The angle of
tact temperature or to masture it. Rowever, the semi-major axis of the ellipse sand the
an estimate of the amtm surface tempera- plane of incidence is y. Cr is a Faraday
ture rise based on Wiser's calculations [i) podulator consisting of a solenoidal coil with
indicated that the temperature could have a Faraday glass cylinder at its axis. The
exceeded 220C, the critical temperature for magnetic field generated by the coil causes
TCP/surface reaction according to Feet and the asimuth of polarized radiation of the
Wheeler 121. ight traveling along the axis of the cylinder

to be changed proportionally to the magnitude
AC Fse-Lacked Iterfereace Microscope (PIM.) of the magnetic field and to the length of the

cylinder, the proportionality constant being
This instument, schematically show in called the Verdet constant. This phenomenon

Fig. 1. is basically a Michelson interfero- is known as the Faraday effect. The coil is
meter with a laser source and microscope driven by a 500 Bs oscillator, causing the
objectives facing two mirrors at almost equal magnetic field to vary with that frequency.
distances from the beamaplitter. One of these by the Faraday effect the inclination angle

.% .
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of the polarization ellipse with respect to different lubricants after the ball and platem.
the plane of incidence is also varied with were soaked in then for three hours at ambient -..
the same frequency. The radiation from the temperature. The operating conditions were
Faraday modulator is passed through the polar- such that scoring or scuffing would occur very -"--:"
ization analyzer A of azimuth A and is finally soon for the fully formulated oil, thereby " "
detected by the photocell or photomultiplier allowing us to maximize the differences with
PM. respect to scoring or scuffing for the addi-

Our instrument uses a 10 am long, 0.6 cm tives. Differences between the bearing Sur-
diameter Faraday $lass cylinder (three times faces for the antioxidants and TCP with and
as Iong as Sullo's) in order to obtain a large -without soaking were found. The surface rough-
amplitude of modulation. The current in the nooses (standard CLA roughness) were determined
coil is modulated with a 500 Hz frequency. If -from the optical profiles and plotted in Fig.
the analyzer angle $ is equal to the true 5. The antioxidants DODPA and PANA show the
azimuth y, the radiation detected at-the 500 least change over the measured time period
Rz frequency by phase-sensitive electronic within the error limits. DOOPA and PANA are
detector is zero and the electronic system also the only lubricants giving a significant
is "locked". At the same time, the amplitude reduction of roughness in the initial phase 5
of the first harmonic (1000 HRz) is monitored of operation when the acid probe was applied
to make sure it is non-zero. If, however, the Since these measurements-were made in sap-
amplitude detected at 500 Hz is nonzero, an arate experiments, the consistency of the
error signal is used to turn the analyzer by traction, roughness, and acid probe data must
an angle appropriate to make it zero. This is be significant. Mother interesting observa-
done by an electro-optic transducer and con- tion is the sharp increase in relative rough-
trol circuitinS capable of resolving 0.01 ness change after acid treatment for both BLZ
degrees of arc. and TCPLn the final stage of* the bell plate

Scanning of a sample surface is done by run, while the roughness change remained about
mowing the sample M parallel to Its plane constant during most of the tun.
while the polarizer is rotated at an assen- A closer examination of Pig. 5 reveals
tially constant speed with a DC motor and the some interesting correlations. Since the
analyzer is being continuously reset at Correa- vertical scale is arbitrary and the curves
pondLng azimuths. Plats of polarizer versus were displaced by arbitrary amounts to avoid
analyzer angle look like the curve of Pig, 3. confusion, only trends are significant. The
One method of obtaining the ellipsometric fully formulated oil (C-.IL-99) and the two
parameters * and A from this curve is graphi-- amine additives ?ANA and 1100PA gave rise to
cally as shown in the figure. However, our roughness peaks at about 20 seconds. The
computerized curve fitting program insmuch fully formulated oil, the bass oil and STZ,
more accurate, because all the data points on the anticorrosion additive, had roughness
the curve are used, not just a few selected peaks at about 80 seconds. Only TCP shows
ones. Furthermore, many such curves can be a descending slope beyond 100 seconds. These
traced and averaged in a short time. Once differences might be related to the formation
A and # are known, the index of refraction of different surface oxides.
n and the film thickness can be calculated, The two surface additives TC? and ITZ
but since n is complex, consisting of two had the highest traction while the antioxi-
variables, mre than two measurements are danc had the lowest. All the surfaces were
needed, O.g. at more angles of incidence (not soaked for three hours in the respective lubrt-
just ac 450), different wavelengths, te. cents, cleaned and dried, and then imaedsately
The computations can become quite extensive, used in the traction test with clean base oil
but are easily performed on a small laboratory (Fi. 4).
computer.

by placing a microscope objective formLng llLpeometry of Wear Tracks

a real image of the sample surface ahead of
the detector, sample areas as small as 20 ma In fig. 6, the changes of slope, coo a/
in diameter can be resolved ellipsometrically, tan *, were plotted across the vear track for
Most of the energy reflected of the surface the samples of Fig. 4. It will be noted that
is lost, but sufficient energy remains to TCP, which had the highest traction in Fig. 4,
make the measurements, also shows the greatest variation over the

traverse. The sharp positive and negative
4. IESULTS peaks correspond to a spot on the wear track

(between 100 and 500 u. on the abscissa), whi h
Tractioms and Surface Roughness. Iffect of is clearly visible under the mi'croscope. The
the Acid Probe half-widths of these peaks is about 20 om.

The slope changes for the other materials %
Figure 4 shows traction curves for the

3
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inside the wear track were much smaller, Out- From these observations, the following
side the wear track the slope variations weri deductions would atem to be reasonables
minimall the bottom curve for DOUPA shows the
characteristic behavior there. Clearly, the 1. The high C-ratios and 0-ratios in the
nature of the surface is different Inside the outermost surface layer are probably
wear track. The change is not caused by a atmospheric contamination. They are
change of reflecting angle for the reflected present even in the reference.
laser beam is very restricted by apertures. 2. TC? and Mal, (also containing TCR') have
W~hen the angles and corresponding azimuths an oxide layer under the atmospheric con-
were changed In order to compute the film tamination layer. BTZ is likely to have
thickness and the optical constants, the former one as well. The reference, however,
came out to be about 60 A at the maximum and does not have -such a layer within our
the latter correspond roughly to Fe203 by error of measurement, but the other *ate-
comparison with the data of Leborknight: and ridls night have a weak oxide layer.
Luetman [51. The Identification is tentative 3. A carbide layer might also underly the
and not unique for lack of reference data, atmospheric contamination layer.
which will be obtained later.

The preferential production of a thin S. DISCUSSION AND CONCLUSIONS
oxide layer on wear tracks would seem to be
general, but is strongest for those produced In our previous publications 171,E81 the
in the presence of TCP. difference in the effect of dilute hydrochloric

It should be pointed out that the collec- acid (our acid probe) on causing contour changes
tion of data such as those of Fig. 6 persents within and outside a wear track was described,
problem different from those encountered wheo this difference being especially great when
ellipsometry is used with dielectric substrate' s scuffing conditions were approached. It was
(6). Most ellipeometric work today refers to also found that the presence of the antiwear
dielectric* and semiconductors. The most additive TCP in the lubricant would enhance
important difference is reflectivity - high f~r this difference. Then the question was raised
matals and low for dielectrics and semicon- why scuffing could occur so suddenly, apparently
ductors. Furthermore, metals have a complex without warning, even though operating con-
index of refraction (two optical constants). ditiona could have been far from those postu-
dielectrics only a real Index of refraction. lated by tho S10k temperature criterion. A

principal objective of this study was to try
Auger glectron Spectrograms to explain the behavior of the acid probe in

the hope that an answer there would also help
The plates were analyzed after the ball toward arriving at an answer to the latter

experiments with every lubricant. Three areas question.
were selected, two within the wear track and Differences in the optical profile at
one outside of it for reference. After the different wavelength&, eIllpsometry, and Auger.
ball experiment, the specimens were washed electron spectroscopy have now been shown to
with lots of alcohol and allowed to dry and discriminate between the surface within the
not handled or treated prior to their intro- wear track on N-5O steel and outside of it.
duction Into the Auger spectrometer. As a The evidence points to a higher concentration
control, a polished M-50 plate not used in of an oxide, most likely iron oxide, within

a ball/plate experiment was Included in the the wear track than outside. Interestingly
set of Auger analyses, enough, it would seem that TC? promotes the

All the lubricants and the reference formation of such an oxide. Such an oxide
gave about the same spectra in the ssreceived would react such faster chemically with acid
condition. Sowever, after six minutes of than the alloy steel Itself. Thus, the oxide
ion bombardment, all the atectra from out- would explain the behavior of the hydrochloriq
side the wear scar &a well as from the refer- acid probe. The oxide is more likely to be
once plate were essentially free of 0 and C formed in the wear track than outside of it
while those from Inside the wear scar, notably because of the higher surface temperature in
those from TCY and perhaps also from 31Z had the wear track. It would also reduce friction.
a higher 0 and C content. at higher temperatures, though not at low ones

In order to show the effect of ion bom- and explain both our data of Fig. 4, and the -

bardment on elemental composition, the plots results of Faut and Wheeler [21. Although
of Fig. 7 were drawn for two position within such an iron oxide layer on the surface could
the wear scar. They present the ratios of conceivably promote the formation of friction
the 0 and C peaks to one of the Fe peaks as polymer--whose formation was reported to be
a function of time. A sharp change of slope enhanced by TC? also--it is more likely that
after two-to-four minutes probably signifies the same oxidizing conditions that lead to
th.. removal of a surface-layer.
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